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INTRODUCTION 


The writers (24)? have shown that when emasculated flowers of 
Pima Egyptian (Gossypium barbadense L.) or of upland cotton (4. 
hirsutum L.) are pollinated with a mixture of pollen from both types 
selective fertilization in favor of the like pollen results. The popula- 
tions resulting from the double pollinations in the earlier experiments 
(24, Table IT) yielded the data given in Table 1. From 67 to 82 per 
cent of the plants were of the type of the female parent, whereas, if 
there had been no selection among the pollen grains, only 50 per cent 
of the plants would have been of this type and the others heterozy- 
gous (Pima X upland or upland x Pima, F,). The departure from 
a 1:1 ratio was very significant in each of the populations; the magni- 
tude of x’ indicates, in every case, chances more than 100 to 1 that 
the departure was not fortuitous. 


TABLE 1.—Evidence of selective fertilization when emasculated flowers of Pima 
Egyptian and of Lone Star and Acala upland cotton were pollinated with both 
kinds of pollen, as shown by the percentages of homozygous plants in the resulting 
populations 


| x? of depar- 
| tures of 
| numbers 
| observed 
} | Homozy- | from 
Female parent Pollens applied ¢ | Plants | gous plants} numbers 
| grown expected in 
| the absence 
| of selective 
fertilization 


Number| Per cent 

Pima . : Pima and Lone Star ee ‘ .| 1,280 | 67.640. 88 158. 6 
OS eee a aR ahtsatbaisinidiadet 542 | 77.641. 21 165, 2 
Sas f ee siath Sinapaeiiel 682 | 82.84 .97 293. 5 
RS see "ied i SABETTSSS ~-----=-| 618 | 67.741. 27 77.5 

« In each of the 4 populations, one-half of the flowers were pollinated first with the like pollen and then 
with the unlike pollen, while on the other half the sequence was reversed. It was thought that combining 
the subpopulations from the 2 sequences of pollination would give an approximation to the results expected 
if the 2 pollens had been mixed together in equal quantities before being applied to the stigmas. Since 
the subpopulations representing the 2 sequences of pollination were of unequal size, instead of basing the 
percentage of homozygous plants, as given in this table, on the actual number of such individuals in the 
combined population, the average of the percentages of the 2 subpopulations was taken. In computing the 
probable error of this average percentage, n was taken as twice the number of plants in the smaller of the 
subpopulations. It is these modified numbers that are given under the heading “ Plants grown.” 


Evidence was given in the paper cited (24) that the preponderance 
of homozygous individuals is not attributable to any lack of compati- 
bility between these types of cotton or to differences in the viability of 
the two pollens or to selective survival at any stage after fertilization 


1 Received for publication Sept. 21, 1931; issued April, 1932. 
2 Reference is made by number (italic) to Literature Cited, p. 224. 
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was accomplished. Indications also were obtained that such tubes of 
the unlike pollen as succeeded in penetrating the ovary had grown as 
rapidly as the tubes of the like pollen. Further investigation has 
yielded additional information on these points, which is given in the 
present paper. F 

A hypothesis formulated by the writers in attempting to explain the 
observed facts (24, p. 339) assumed that the like pollen stimulates a 
reaction in the tissues of the pistil, making the latter an unfavorable 
medium for the development of the unlike pollen. If this assumption 
is well fouinded, it follows that the more intimately the two pollens 
are in contact on the stigmas the greater the selective effect should be. 
The results of an experiment in which this test was applied are given 
in this paper. The question as to whether the like pollen must be 
present in a viable condition in order to exert an inhibiting effect upon 
the unlike pollen has been investigated also. 

It has been shown by Jones (21) that in maize the degree of selective 
fertilization depends in large measure upon the degree of consanguinity 
of the two forms, usually being greatest between forms that are most 
distantly related. Experiments to determine whether this is the case 
in cotton, also, are described in this paper. 

The experimental work was done at the United States field station, 
Sacaton, Ariz. In all experiments the flowers were emasculated in 
the evening before the day of anthesis and were pollinated the follow- 
ing morning. For information concerning the structure and ontogeny 
of the cotton flower, in relation to pollination and fertilization, the 
reader is referred to an earlier publication by one of the writers (22, 
Pl. I-IV, VI, and VII). 

Pollen grains of the two types used in these experiments, Pima 
Egyptian and upland cottons, are shown in Figure 1. 


POSSIBLE ALTERNATIVE EXPLANATIONS OF OBSERVED 
PHENOMENA 


It is obvious, of course, that effects similar to those of selective 
fertilization would result from pollinations with mixed pollen if there 
were a difference in the compatibility of the two forms involved, or if 
the two pollens differed in viability, or if there were selective survival 
in favor of one or the other class of zygotes. Furthermore, selective 
fertilization might occur in the absence of any mutually antagonistic 
action of the two pollens if the rate of growth of the tubes differed 
consistently. The conclusion was reached that none of these explana- 
tions applied to the results previously published. This conclusion is 
supported by the results of the investigations reported herein. 


CONDITIONS PRODUCING EFFECTS SIMILAR TO THOSE OF SELECTIVE 
FERTILIZATION 


RELATIVE COMPATIBILITY OF THE POLLENS AS INDICATED BY DEGREES OF 
FERTILIZATION 

Evidence was given in an earlier paper by one of the writers (22, 
Table 23) that pollen of upland cotton, when present alone on the stig- 
mas of Pima Egyptian cotton flowers, effected fertilization in a degree 
equal or even superior to that effected by Pima pollen when present 
alone on the Pima stigmas. Additional data as to the mutual com- 
patibility of these cottons have been obtained in later experiments, 
the results of which are summarized in Table 2. 
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TaBLeE 2.—Mutual compatibility of the two types of cotton as shown by degrees of 
fertilization effected by pollen of Pima Egyptian and of upland cotton (Lone Star 
and Acala varieties) when applied separately to stigmas of one or the other type, 
measured by the percentage of bolls retained and the mean number of seeds per boll 4 





Exper- 








Year | iment Pollination Flowers | Bollsre- | Seeds per 
No. pollinated) tained boll 
Mean num- 
, ; Number Per cent ber 

Pima X Pima Seal 99 | 99.0+0.67 15.640. 24 
Pima X Lone Star___. saat 100 | 96.0+1.32 17.0+ .20 
Difference secs 3. 01. 48 1.4+ .31 
1922 1 = ————————— 
Lone Star X Lone Star = 99 | 22.242.82 | 30.141.14 
Lone Star X Pima___. ‘ 100 12. 0+2. 19 24. 341. 30 
Difference ; 10. 243. 57 5.841. 73 
Pima X Pima 50 92. 0-42 59 ; 15. 34+ .38 
Pima X Lone Star__. 50 : 82. 04:3. 66 17.64 .36 
Difference | 10.044.49| 234 .52 

1922 3 | = = 
Lone Star X Lone Star 49 | 49.0+44.81 33.34 .88 
Lone Star X Pima 50 | 42.044.72/] 31.54 .69 
Difference 7.046.75 | 1.8+1.12 
Pima X Pima 93 | 92.541.84| 15.64 .22 
1925 7 | Pima X Acala oa 97 94.8+1.52 | 16.74% .25 
| Difference 2. 342. 39 lit .33 
| 2 
Pima X Pima ; 100 | 65.0+3. 22 16.24 .23 
1927 > |) Pima X Acala 100 | 65,043.22 | 17.54 .24 
Difference | O +4.55 1.34 .33 
Pima X Pima aon 101 | 97.041.15 | 18.04 .21 
Pima X Acala ‘ 100 | 93.0+1.72 18. 2+ .23 
Difference ; ae | 4,042.07 2k .31 
1928 1 = —_——_—_ 
Acala X Acala 50 | 98.0+1. 33 33.04 .25 
Acala X Pima -| 50 | 96.041.87 | 31.14 .51 
| _ ee 
Difference ; | 2.0+2. 30 | 1.94 .57 

| | 


* The much heavier rate of boll shedding in upland as compared with Egyptian cottons is reflected in 
the much lower percentages of bolls retained from pollinations on the upland plants in the experiments 
of 1922. The effect of removal of most of the early flowers is seen in the high percentage of bolls retained 
on the Acala plants in the experiment of 1928. The mean number of seeds per boll is, of course, much 
greater in the large 4-lock or 5-lock upland bolls than in the small, mostly 3-lock, Pima bolls. 


The data in Table 2 show no significant differences for either cotton 
in the percentages of bolls retained from pollination with like and with 
unlike pollen. As indicated by this criterion, the two pollens are equally 
efficient when applied separately to the stigmas of either type. In all 
the experiments except that of 1928, in which there was practically no 
difference, the mean number of seeds in the Pima bolls was significantly 
greater when the flowers were pollinated with the unlike (upland) pol- 
len than when they were pollinated with the like (Pima) pollen. In the 
three experiments in which the results of pollinations on upland plants 
were compared, the mean number of seeds in the upland bolls was 
greater when the flowers had been pollinated with the like (upland) 
pollen than when they had been pollinated with the unlike (Pima) pol- 
len, and the difference was significant in two of these experiments. 

So far as may be concluded from the data at hand, it appears that on 
the Pima stigmas the fertilizing ability of the unlike (upland) pollen 
usually is somewhat greater than that of the like (Pima) pollen and 
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that on the upland stigmas there is usually a difference in favor of the 
like (upland) pollen. As a result of these differences, the action of se- 
lective fertilization in favor of the like pollen would be partly counter- 
acted in the Pima flowers and somewhat exaggerated in the upland 
flowers. Somewhat greater viability of the upland pollen seems to be 
indicated by these comparisons, although, as will be shown in the fol- 
lowing section, tests in sugar solution have shown no consistent differ- 
ence in the viability of the two kinds of pollen. 


RELATIVE VIABILITY OF THE POLLENS AS INDICATED BY BEHAVIOR IN SUGAR 
SoLUTIONS 


No very satisfactory artificial medium for the germination of cotton 
pollen has been devised (2). Observation of the germination of the 
pollen when placed on the stigmas of cotton flowers is difficult because 
the pollen tubes can not be distinguished readily from the hyaline pro- 
jections of the stigmatic surface. It was discovered by A. E. Longley * 
that pollen of Pima and of upland cotton germinates readily when 
placed on corn silks, although care must be taken not to have the 
surface too moist, as otherwise the grains burst. Doctor Longley 
noted that both on corn silks and in an artificial medium of 2 per cent 
agar+15 per cent cane sugar the tendency to bursting is greater in 
Acala upland pollen than in Pima pollen. He also observed that the 
tubes from the smaller upland pollen grains are only about half the 
diameter of the Pima pollen tubes and grow much more rapidly than 
the latter in this medium. 

Observation during several seasons at Sacaton, Ariz., has shown that 
upland cottons produce much nonviable pollen during the early part 
of the summer and during periods of high humidity, while throughout 
the season the pollen of Pima cotton usually contains but a small 
proportion of nonviable grains. This difference would have seriously 
impaired the results of experiments in selective fertilization had not the 
precaution been taken of deferring such experiments until observa- 
tion indicated that the viability of the two pollens had become 
approximately equal. 

Tests of pollen viability have been made in a 5 per cent solution of 
cane sugar, in which medium, and also in distilled water, the grains 
explode suddenly instead of germinating slowly as they do when placed 
on cotton stigmas. The term “pseudogermination” was applied by 
Andronescu (1) to this sudden extrusion of the contents of the grain 
(22, p. 22-25). It seems justifiable, however, to regard the proportion 
of the total number of grains in the field of the microscope that extrude 
their contents in these media as an indication of the relative viability, 
because it is the abnormally small and the abnormally large grains that 
fail to explode. 

In the earlier experiments the viablity of the two pollens, Pima and 
upland, was tested by the method just described (24, p. 332), and no 
significant difference was detected. Similar tests were made in connec- 
tion with some of the experiments described in the present paper and 
will be considered in relation thereto. No indications were obtained 
of differences in viability of such magnitude as to impair the evidence 
in favor of selective fertilization. 


* Unpublished work. 
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DIFFERENTIAL SURVIVAL OF HomMozyGoTES AND HETEROZYGOTES 


The criterion of selective fertilization used in all the experiments has 
been the percentage of homozygous (like x like) individuals in the 
resulting population. This criterion would be open to serious objec- 
tion if there were differential survival of either class of plants at 
germination or in some later stage of growth. If the homozygous 
individuals survived in relatively greater number, the effect would 
be the same as that of selective fertilization in favor of the like pollen. 
On the other hand, better survival of the heterozygous plants would 
counteract the effect of selective fertilization in favor of the like pollen 
or, if the difference in rate of survival were great enough, it might 
create the appearance of selective fertilization in favor of the unlike 
pollen. 

Determinations of weight and of percentage of germination were 
made on the seeds resulting from separate application of the two 
pollens in experiment 1 of 1922. (Table 2.) The results, summarized 
in Table 3, indicate that the heterozygous seeds, obtained by fertili- 
zation with unlike pollen, were somewhat heavier and germinated 
better. The difference in percentage of germination was of consider- 
able magnitude between the seeds from upland flowers pollinated 
with like and with unlike pollen, respectively. It may be assumed, 
therefore, that whatever differential survival occurs at germination 
favors the heterozygotes and prevents the full expression of selective 
fertilization in favor of the like pollen. 


TABLE 3.—Relative germination of seeds obtained by pollinating flowers of Pima 
Egyptian and of Lone Star upland cotton with pollen of each type separately 


Mean weight; Mean ger- 


Pollination of 50 seeds * | mination 


Grams Per cent 





Pima X Pima EA re rren ee LAE rR BE LS aioanaae eae ; 6.44+0.03 | 85.941. 08 
Pima X upland. -__-. pupatiredinead aang tallest beaaea eats . 6.764 .03 | 91.0+ .86 
iit vacisicstoat acti dherniciniedotuastaccseehaoee bees ake aie alain aeons 324 .04 5. 141. 38 
I Se ae re ee I a Oy Tee sk 6. 29-4 05 ~ 87. 242.11 
Upland X Pima.___. EE Ee ee LE ee EAS SER a 6.76 .20| 74.4+1.86 
oi hiisniiudecimaunmsipts abaatieninenion tuath sccunnnndaeccimntin -474 .21 17. 242. 81 


* The weights were determined on lots of 50 seeds each, distributed among the several pollinations as 
follows: Pima X Pima, 30; Pima xX upland, 32; upland X upland, 13; upland X Pima, 5. The means 
were computed from the weights of the several lots representing each pollination. 


In connection with the experiments on selective fertilization per- 
formed in 1922 and described in an earlier publication, consideration 
was given to the question whether there had been differential survival 
at any stage from germination to the time when the plants were 
large enough to distinguish with certainty between the homozygotes 
and the heterozygotes. The conclusion was reached that selective 
survival at or after germination, as indicated by comparing the per- 
centages of hybrids where the conditions were more favorable and 
less favorable to the growth of the plants, had not been an important 
factor in bringing about the observed results. Indirect evidence was 
presented that the results are not attributable to selection between 
the homozygotes and heterozygotes at any stage between fertilization 
and germination (24, p. 333-335). 

At the time these experiments were performed the soil of the 
Sacaton station was only very locally and nowhere seriously infested 
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with nematodes. Subsequently, however, pronounced infestation 
took place. It has been found at this station that cotton of the Egyp- 
tian type is much more susceptible than upland cotton to injury by 
these organisms, which frequently cause heavy mortality among the 
plants of Pima and other Egyptian varieties, especially in the seed- 
ling stage. It has been observed, also, that the Pima X upland F, 
plants are less susceptible to such injury than the Pima plants, 
although more so than the upland plants. There is good reason to 
believe that selective survival of the heterozygous plants, due to this 
factor, has invalidated some of the results obtained in recent years, 
as will be discussed in connection with the experiments involved. 


DIFFERENTIAL GROWTH RATE OF POLLEN TUBES AS A CAUSE OF SELECTIVE 
FERTILIZATION 


The occurrence in cotton of selective fertilization in favor of like 
pollen is believed to have been proved by the evidence that differ- 
ences in compatibility and viability of the pollens and rate of survival 
do not account for the observed excess of homozygous plants in the 
populations from mixed pollinations. The question next to be con- 
sidered is whether the selection is due to differential growth rate of 
the pollen tubes. 

Evidence has been obtained by Jones and other investigators (2/ 
p. 10-34) that in maize and other plants selective fertilization is 
due to differences in the rate of development of the two pollens, 
conditioned, presumably, by genetic differences in the determiners for 
pollen-tube growth. Direct observation of growth of the pollen tubes 
in the pistils of the cotton plant has not been attempted, but two 
indirect methods of calculating the relative rates of growth have been 
employed. The first method involved the pollination of different 
individual flowers, some with like and some with unlike pollen. The 
pistils were excised at the summit of the ovary at stated intervals 
after the pollen was deposited, and the degrees of fertilization attained 
in each period with each kind of pollen were compared. This will be 
referred to hereafter as the excision method.* 

The second method, used by Correns in his studies of selective fer- 
tilization in Melandrium (Lychnis), assumes that in plants whose 
ovaries contain many ovules vertically superposed, if two pollens are 
applied that differ in their rate of tube growth, the faster growing 
pollen will fertilize the upper ovules first and if the quantity of pollen 
is limited the lower ovules will be left to fertilization by the slower- 
growing kind. If the resulting seeds from the upper and the lower 
half of the capsule are planted separately, a higher percentage of 
hybrids from the lower seeds than from the upper seeds would there- 
fore indicate that the tubes of the unlike pollen had grown more slowly 
than the tubes of the like pollen, and vice versa.5 


‘This method was used in studies of Oenothera by Heribert-Nilsson (/8, 19) and of Melandrium by 
Correns (8). The term “certation” (Zertation) was used by Heribert-Nilsson to designate differential 
growth rate of the pollen tubes. Harland (/4) suggests the term “‘agonisis,’”’ meaning a struggle, for this 
phenomenon. 

5 Correns (8, Pp. 338-341) pollinated flowers of a recessive white-flowered race of Melandrium rubrum 
Garcke (Lychnis dioica L.) first with pollen of a dominant red-flowered race and several hours later with 
pollen of the white-flowered race. The seeds from the upper and the lower part of the resulting capsules 
were planted separately and there was a much higher percentage of red-flowered individuals in the pcpu- 
lation from the upper seeds than in the population from the lower seeds. He concluded that the pollen 
tubes thai enter the ovary first tend to fertilize the upper ovules. A similar method was used by Hiorth (20) 
in studies of differential pollen-tube growth in Oenothera. 
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GrowtTH Rate TESTED By Excision METHOD 


POLLENS APPLIED SEPARATELY 


€ 


In an experiment (No. 3) performed in 1922, flowers on plants of 
Pima and of Lone Star upland cotton were emasculated in the eve- 
ning and pollinated the following morning, some with the like and some 
with the unlike pollen, giving four different pollinations: Pima x Pima, 
Pima X upland, upland X upland, and upland Pima. The flowers 
representing each pollination were then divided into lots of approxi- 
mately 50 each, and the styles and stigmas of the several lots were re- 
moved, by excision at the summit of the ovary, at successive intervals. 
The excisions were made at 5, 8, and 11 p. m. of the day of pollination 
and at 5 a. m. of the day following, corresponding, respectively, to the 
following number of hours after the pollen was applied: 8, 11, 14, and 
20. In an approximately equal number of flowers representing each 
pollination the styles and stigmas were not excised, and these flowers 
served as controls. The number of flowers of a given pollination, ex- 
cised at a given hour or left without excision, was in no case fewer than 
44. The bolls developing from these several treatments were collected 
when they matured, and record was made of the number of bolls from 
each lot of flowers and of the number of seeds in each boll. From 
these data the statistical constants in Table 4 were computed. 

The results from excision of the styles and stigmas at successive 
intervals, as given in Table 4, show that while the ovaries of a few of 
the Pima flowers had been penetrated within 8 and 11 hours after polli- 
nation by enough pollen tubes to insure retention of the boll, no bolls 
were retained by the upland flowers excised at these intervals. This 
indicates a slower rate of growth of the pollen tubes in the upland 
pistils, especially as the average length of the latter above the summit 
of the ovary is only about 60 per cent of the average length of the 
corresponding portion of the Pima pistils. Even when excision was 
deferred until 14 hours after pollination, the percentage of bolls re- 
tained, relative to that of the respective controls, was much greater 
from the Pima than from the upland flowers; but the number of seeds 
per boll, relative to that of the respective controls, indicated better 
fertilization of the upland than of the Pima flowers during this period. 

A comparison of the two pollens as to relative growth of their tubes 
in the pistils of each kind of cotton shows that the rate of penetration 
of the ovary, as measured by the fertilization attamed, was nearly the 
same for both pollens, in both the Pima and the upland flowers. 
Neither the percentage of bolls retained nor the mean number of seeds 
per boll differed significantly between the two pollinations on flowers 
of either type, with three exceptions. Bolls matured from 2 of the 49 
Pima flowers pollinated with Pima pollen and excised after 8 hours, 
whereas no bolls matured from the upland flowers pollinated with 
Pima pollen and excised at the same time. Also, in bolls from Pima 
flowers excised after 11 hours and from those not excised, pollination 
with upland pollen gave a significantly greater mean number of seeds 
than pollination with Pima pollen.* So far as may be judged by the 





6 When comparison is made of the results from excision after 14 hours with the results from the unexcised 
(control) flowers the relative mean number of seeds after 14 hours is seen to be considerably greater from the 
pollination Pima X Pima than from the pollination Pima X upland. As percentages of the numbers from 
the respective controls, the values = 56.2 + lage ane te 4.3. . — probable errors were computed as 

: ean number of seeds from 14-hour excision : 
— aa A = 100. The difference 
the probable error of the quotient Siac canainn al cis aa coal x » 
however, is hardly significant, being only 2.8 times its probable error. 
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results obtained by this method, there is, however, no important and 
consistent difference in the rate of growth of the tubes of the two kinds 
of pollen in the pistils of either type of cotton. 


Tas_e 4.—Relative completeness of fertilization, as indicated by the percentage of 
bolls retained and the mean number of seeds per boll, in flowers of Pima Egyptian 
and Lone Star upland cotton, pollinated with like and with unlike pollen, from 
which the styles and stigmas had been removed by excision at successive intervals 
or had not been removed 


[Experiment No. 3, 1922] 


Bolls re- Seeds per 


























Interval between pollination and ie al 
excision | Pollination tained boll 
| 
— | a a } 
| Percent |Mean number 
|( Pima X Pima- Joke =" 4. 141.89 14. 04-2. 86 
|| Pima X upland eee a 0 | 0 
Ee ee 4.141.89| 14,042.86 
8 hours — = === 
Ly be nee 0 0 
Od | nese 0 0 
| CS eee i ssiedipapeteaceinstiodensipatanietial 
Co eee 14.043.31| 4.9-41.58 
|| Pima X upland---_-_--- a Peete ..--| 10.0+2. 86 13. 2+1. 84 
DUN oa 4. 04-4. 40 8.342. 42 
11 hours. a a a af 
Upland X upland -_...-........- nea 0 0 
ge ne : 0 0 
Difference... --.-- iepettonnite 
Pima X Pima i 6+ . 59 
|| Pima X upland. 54. 024.75 } 7.04 .74 
|| Difference... cencccecne---ne-| 644674 | 1.6 .95 
14 hours --| SSS = 
||} Upland X upland _______- F 8. 342. 68 27. 243. 35 
| Upland X Pima-_.-- et -----| 14.0+3.31 25. 31. 87 
il Difference_______-- pe 5. 724. 26 | 1. 9-43. 84 
Pin 3% Pie.........-.- ee 76. 0-44. 07 ‘15. 0+ 57 
Pima X upland -_._.----- eenaédecccs| Se ee 16.34 .45 
EEE TS Le Oe -.-| 2.0bb. 68 1.34 .73 
ey eee ae ———— = 
Upland X upland...............-.....| 15.943. 73 32. 141. 59 
kk ER EE 18. 843. 81 32. 9+1. 30 
EET MOREE Oe A | 2.95.34 -842. 06 
yee \ 92. 042. 59 a ie I 
ON eee eo 82. 0-3. 66 
NO hi iatecinwrdenciendawninda 10. 04-4. 48 
Control (not excised) ime Se 
Upland X upland __.--.....----- .----| 49.0+4.81 
Upland X Pima__--__- pinaeinnani 42.0+4. 72 
Difference..............-..--.-.-| 7.0+6.74 1,841.12 





* The heavier rate of boll shedding, characteristic of upland as compared with Pima cotton, is indicated 
by the much lower percentages of bolls retained from the upland flowers in comparison with those retained 
from the Pima flowers. The mean numbers of seeds per boll are of course greater in the large 4-lock and 
5-lock upland bolls than in the small, mostly 3-lock Pima bolls. 


Great variation in the rate of growth of individual pollen tubes is 
indicated by the data in Table 4. In a few of the Pima flowers the 
number of tubes that penetrated the ovary within 8 hours after pol- 
lination was sufficient to insure retention of the boll, but 20 hours were 
required to effect a degree of fertilization approximating that of the 
control flowers. Taking 33 mm. as the average length of the Pima 
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pistils from the summit of the stigmas to the summit of the ovary, 
the indicated variation in the mean hourly growth rate of the pollen 
tubes was from 1.65 mm. (33/20) to 4.12 mm. (33/8). In the upland 
flowers a sufficient number of pollen tubes to insure retention of the 
boll had not penetrated the ovary within 11 hours after pollination. 
Assuming that at least 12 hours is required for penetration, and taking 
20 mm. as the average length of the Lone Star upland pistils, the 
most rapid growth rate of the pollen tubes in the upland cotton pistils 
apparently did not exceed 1.67 mm. (20/12) per hour, which is 
practically the same as the minimum computed for the rate of growth 
in Pima pistils.’ 


TaBLE 5.—Relative completeness of fertilization, as indicated by the percentage of 
bolls retained and the mean number of seeds per boll, in flowers of Pima Egyp- 
tian cotton, pollinated with like and with unlike pollen, from which the styles and 
stigmas had been removed by excision at successive intervals or had not been 
removed 

[Experiment No. 7, 1925] 


Bolls retained and mean number of seeds after indicated interval between 
pollination and excision 


Pollination 

















12 hours 21 hours Control (not excised) 
Bolls re- — Bolls re- ‘ Bolls re- Seeds 
tained Seeds tained Seeds tained 
Mean Mean Mean 
Per cent number Per cent number Per cent number 
Pima X Pima_................| 23.542. 88 5. 0+0. 67 | 81.2+2.69 | 13.30.30 | 92.541. 84 15. 640. 22 
Pumas X< aplené. .....cccncccae 27.343. 02 5.82 .40 | 82.642.58 | 15.44 .28 | 94.841. 52 16.74 .25 
Sa aee eres 3. 8+4. 17 -8+ .78 1.443. 73 | 2.14 .41 2. 342. 39 lit .33 








In a similar experiment (No. 7), performed in 1925, flowers on 
Pima plants were emasculated, and half of them were pollinated 
with Pima pollen and half with pollen of Acala upland cotton. In 
approximately equal numbers of flowers of each pollination the styles 
and stigmas were excised at intervals of 8, 10, 12, and 21 hours after 
the pollen was applied; a fifth lot was left without excision, as a con- 
trol. Each lot comprised from 93 to 100 flowers. There was no fer- 
tilization of the flowers excised 8 hours after pollination, and the 
number of bolls retained from flowers excised after 10 hours was only 
2 in the population Pima < Pima and 5 in the population Pima xX 
upland. The results from the later excisions and from the controls 
are given in Table 5. 





7 The length of the pistil from the summit of the stigmas to the apex of the ovary was measured at Sacaton 
in 1922 on 50 flowers each of Pima Egyptian and Lone Star upland cotton and in 1923 on 50 flowers each of 
Pima and of the Lone Star and Acala varieties of upland cotton. The means obtained were as follows 
(millimeters): 


| Pima Lone Star Acala 


1922_... aqmpeiddiamenieet ‘s Saige tabeiare simon 32. 240. 16 17. 2+0. 11 son 
Di ikisn abn daendtntidubupemete cinerea Beene SES ee RY 22.64 .17 23. 40. 15 


Average ___- aiieaielaee Pe 19.9 anielpeclisicia 


Determinations of the distance from the apex of the ovary to the uppermost ovule gave the following 
means: 2.9 + 0.03 mm. for Pima (15 flowers) and 2.3 + 0.08 mm. for Lone Star (10 flowers). Since 
in the experiments described in this section the excisions were made at the apex of the ovary, only the 
distance from the summit of the stigmas to that point need be considered. 

Under natural conditions the time available for penetration of the ovary is limited by the number of 
hours from the opening of the corolla and deposition of pollen to the abscission of the pistil at the summit 
of the ovary when the flower withers. The mean length of this period, as determined at Sacaton in 1922 on 
50 Pima flowers, was 29 hours. It has been observed that it is somewhat longer in humid, cloudy weather 
and shorter in dry, sunny weather. 
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The percentages of bolls retained from the two pollinations did not ( 
differ significantly in any of the subpopulations, but from flowers of 
which the styles were excised 21 hours after pollination and from the ; 
unexcised (control) flowers the mean number of seeds was signifi- 
cantly higher in bolls from flowers pollinated with unlike pollen 
(Pima X upland) than in bolls from flowers pollinated with like 


pollen (Pima X Pima). The mean differences were 5.1 and 3.3 
times their respective probable errors. These differences suggest a | 
difference in the viability of the two pollens. Tests in sugar solution | 
of the pollens used in this experiment indicated that such was the 
case, as the pollen from several Pima flowers contained from 20 to 50 
per cent of defective grains, while the number of such grains in the 
samples of upland pollen was negligible. There was, however, no 
appreciable difference in the rapidity and completeness of explosion 
of the normal grains of the two pollens. The pollinations were made 
with such a large excess of pollen grains that it is improbable that the 
content of defective grains in the Pima pollen was an important 
factor in the result. 


TaBLE 6.—Differences between Pima and upland cotton in rate of pollen-tube 
growth, as indicated by the increase in mean number of seeds per boll from the 
control flowers excised later or not at all over the mean number of seeds per boll 
from flowers excised earlier 


Interval between Increase 
pollination and | jn mean 








Experi- excision D 

Year ment Pollination — 

No. in the 

Shorter | Longer controls 

Tlours Hours 

a 2.4, il Selseataciall 16% 24% 2. 94-0. 78 
1920___. as, |) Pima X upland 16% 2444 - 821. 06 
| Ee ee ee are REE se eA 2. 11.32 
} I a a a 14 (¢) 6.7+ .70 
1922_... 63 ee eee re ‘ 14 (*) 10.62 .82 
ee a a a ae Ee TT ST Lee 3. 91. 08 
re ROO, 5 tccigtimekadebebauleindacmedia 14 (¢) 6. 143. 46 
a 63 a lll LT EE IOP SE LEE LEE TEA TE ae 14 (¢) 6. 241.99 
Ee ae SEE keke eee eee ee een .1+4. 00 
EF ae eae 12 (¢) 10.64 .71 
1925... 47 BP IR sistinlinkciiniclaisaldheansctheanatesiauatanscninanienaiiiok ‘ 12 (¢) 10.9+ .47 
| a tira ncnttncinitnitchatibntebtninnts dhdcawiiiidehaved iattedammm ied 34 .85 


* The data of this experiment are given in another paper (22, Table 24). No flowers were left unexcised, 
so flowers excised 24% hours after pollination are taken as the controls. 

> Data given in Table 4 of this paper. 

¢ Not excised. 

¢ Data given in Table 5 of this paper. 


Table 6, summarizing the results of several experiments, shows a 
comparison of the degrees of fertilization attained by applying the 
two pollens separately and allowing a shorter and a longer interval for 
the pollen tubes to penetrate the ovary. The data indicate in only 
one comparison a significant difference between the two types of 
cotton in the rate of growth of the pollen tubes. In the experiment 
of 1922 the increase in the mean number of seeds from the unexcised 
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control flowers over the mean number from the flowers excised 14 
hours after pollination was decidedly greater for the Pima flowers 
fertilized with upland pollen than for the Pima flowers fertilized with 
Pima pollen. The difference of 3.9 seeds between the mean increases 
may be considered significant, being 3.6 times its probable error. In 
this case the fact that fertilization was more nearly complete after 
14 hours in the flowers that received pollen of their own variety than 
in the flowers that received pollen of another species (upland) indi- 
cated more rapid growth of the tubes of the like pollen. 

It may not be concluded, however, from the evidence in Table 6 
that more rapid growth of the tubes of the like pollen in the Pima 
pistilsis therule. In the experiment of 1920 the comparison indicated 
more rapid growth of the unlike pollen, although the difference was not 
significant and in the experiment of 1925 there was practically no 
difference between the two pollens. The only comparison of the rate 
of growth of the tubes of different pollens in pistils of upland cotton 
(upland < upland and upland X Pima in the experiment of 1922) 
gave no evidence of a difference in rate of growth of the like and the 
unlike pollen tubes. 

POLLENS APPLIED MIXED 


It has been seen that excision experiments in which the two kinds 
of pollen were applied separately gave no evidence of a consistent 
difference in the growth rate of the tubes. It does not follow, how- 
ever, that the growth rates are the same when a mixture of both 
pollens is presented to the stigmas of the same individual flower. 
To test this point, an experiment was made in 1925 in which Pima 
flowers were emasculated in the evening and pollinated the following 
morning at 9 a. m. with an intimate mixture of approximately equal 
quantities of Pima pollen and Acala upland pollen. The pistils of 
equal numbers of these flowers were then excised at the summit of 
the ovary at intervals of 9, 11, 13, 20, and 24 hours, respectively, after 
pollination; a sixth lot was left unexcised, as a control. 

Tests in sugar solution of pollen from five flowers of each variety, 
made at the beginning of the experiment, indicated a slight difference 
in viability in favor of the upland pollen. The estimated percentage 
of small and doubtless defective grains varied from 5 to 10 per cent in 
the several Pima flowers and from 2 to 5 per cent in the several upland 
flowers. In each lot of pollen there were also a few abnormally large 
grains, which failed to explode or exploded only after very long immer- 
sion. There appeared to be no difference between the Pima and up- 
land pollens in the rapidity and completeness of explosion of the 
normal-sized grains. 

This experiment was planned on the assumption that if the tubes 
of the like (Pima) pollen reached the ovary sooner than the tubes of 
the unlike (upland) pollen, the percentage of homozygous individuals 
in populations grown from the resulting seeds would be greater in 
populations from the earlier-excised flowers than in populations from 
flowers excised later or not excised. Only 2 or 3 bolls each matured 
from the lots of flowers that were excised 9 and 11 hours after polli- 
nation. The seeds produced by the remaining lots of flowers were 
planted in 1926, and the percentages of homozygous individuals in 
these populations are given in Table 7. 
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TaBLE 7.—Percentages of homozygous (Pima) plants in populations from seeds 
produced by Pima flowers which were pollinated with a mixture of Pima and upland 
pollens and from which the styles and stigmas had been removed by excision 13, 20, 
and 24 hours after pollination, or had not been removed 


[Experiment No. 6, 1925] 


| 
x? of depar- 
tures of 
numbers 
} observed 
Plants Homozy- from 
Interval between pollination and excision (hours) grown |gousplants| numbers 
expected in 
the absence 
of selective 
fertilization 


Number Per cent 
83 


13 . arene ‘ e =" ae : 81. 9+2. 85 33.8 
20 i pina eine nse S aie wikind soe ee la eae 692 | 88.24 .83 403.8 
24 — ra ene i - pnendnmniets 7 adie _ 659 | 90.7+ .76 536. 6 
Control (not excised) _- a pinbeh waiaeeen ie Neuman - 627 | 87.24 .90 346.8 





Contrary to the assumption, the population from the flowers 
excised earliest contained the lowest percentage of homozygous plants, 
indicating more rapid growth of the unlike (upland) pollen tubes. 
The percentage for the 13-hour excision does not, however, differ 
significantly from any of the others except, possibly, from the per- 
centage for the population from flowers excised after 24 hours, and in 
this case the difference is only three times its probable error. It must 
be concluded that this experiment gave no satisfactory evidence of a 
difference in the growth rate of the two pollens when both are present 
on the same stigmas. 

A very pronounced degree of selective fertilization in favor of the 
like pollen is shown by the data in Table 7, notwithstanding the some- 
what greater viability of the upland pollen indicated by the tests in 
sugar solution. The departures, in the several populations, from the 50 
per cent of homozygous plants expected if there had been no selective 
fertilization were, respectively, 7, 25, 27, and 23 times the probable 
error of the departure. The magnitude of x? of the departures of 
the observed numbers of homozygous and heterozygous plants from 
the numbers expected had there been no selective fertilization indi- 
cates, in every case, chances many more than 100 to 1 that the depar- 
ture is significant.’ Since the slight difference in viability of the two 
pollens indicated by the results of tests in a sugar solution was in 
favor of the upland pollen and the pollinations were made on Pima 
flowers, the tendency of this difference would have been to obscure 
rather than to magnify the effect of selective fertilization. 


GrowtTH Rate TresteEp BY COMPARING POPULATIONS FROM UPPER AND 
LowER SEEDS 


Another method for determining whether there is differential 
growth rate of the tubes from like and from unlike pollen is to apply 
to the stigmas a mixture of the two kinds of pollen and to determine 
the proportion of homozygous plants in populations grown from the 





§ It is noteworthy that the percentage of homozygous plants in the population from the unexcised (control) 
flowers in this experiment is almost the same as in the comparable population C of experiment 5 grown the 
same year from flowers pollinated in the same manner as in the experiment here described, and not excised. 
(Table 9.) 
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upper and from the lower seeds in the resulting bolls. This method is 
based on the assumption that the apical ovules are likely to be fer- 
tilized by the pollen tubes that enter the ovary first.* In that case the 
populations would be expected to differ in the percentage of homo- 
zygous plants, the percentage being greater in the population from 
upper seeds if the like pollen grew more rapidly and in the population 
from lower seeds if the unlike pollen grew more rapidly. In the exper- 
iments described in an earlier paper (24, p. 337, 338) application of 
this method showed no significant differences between the populations 
from upper and from lower seeds, but this may have been due to the 
fact that the number of pollen grains placed on the stigmas was many 
times greater than the number of ovules. 

With a large excess of pollen, the tendency would be to fertilization 
of all or nearly all the ovules by the more rapidly growing kind of 
pollen, and there would be less likelihood of a difference in the pro- 
portion of homozygotes and heterozygotes between the populations 
from upper and from lower seeds. On the other hand, if the number 
of pollen grains in the mixture does not greatly exceed the number of 
ovules, fertilization of the upper ovules by the more rapidly growing 
pollen and of the lower ovules by the slower-growing pollen may be 
expected.’?. Experiments with pollen mixtures, therefore, were under- 
taken in which the total number of pollen grains applied to the stigmas 
was not greatly in excess of the number of ovules. 

In an experiment (No. 6) performed in 1926, 15 grains of Pima pollen 
and 15 grains of Acala upland pollen were mixed together and the 
mixture was applied to the stigmas of 75 emasculated Pima flowers. 
Thus, 30 grains of pollen were applied to each flower, although the 
average number of ovules in the ovary of the Pima flower is approxi- 
mately 21 (22, p. 51). The excess of 9 grains was intended to com- 
pensate for possible lack of viability in a few of the pollen grains. 
Bolls were retained from 62 flowers (82.7 per cent of the number 
treated) and the mean number of seeds in these bolls was 7.7, whereas 
in previous experiments in which much larger quantities of pollen 
were applied to emasculated Pima flowers, the mean number of seeds 
per boll was from 16.6 to 17.0. It may be concluded that the 30 
grains of pollen used in the present experiment were too few to give 
the maximum degree of fertilization attainable in emasculated and 
artificially pollinated flowers. 

The bolls that matured were divided into upper and lower halves 
and the seeds from each half were planted separately in 1927 to 
determine the percentages of homozygous plants. The resulting 
data, given in the upper section of Table 8, show no evidence of a 
difference in rate of growth of the two kinds of pollen, the difference 
between the percentages of homozygous individuals in the two sub- 
populations having only slightly exceeded the prebable error of the 
difference. Moreover, there was no evidence of selective fertilization, 





* That this may be the case in cotton is indicated by data obtained by Rea (29), who found that in upland 
cotton bolls the proportion of motes or unfertilized ovules increases from the top to the bottom of the boll. 

%” Correns (8) found that in the dioecious Melandrium rubrum the percentage of pistillate plants in the 
resulting progeny was greater when the ilowers received a large excess of pollen than when a smaller number 
of pollen grains was applied. He concluded from this fact that the tubes of the pistillate-determining 
grains grow faster than the tubes of the staminate-determining grains. References to earlier papers of this 
author are given in the publication-cited. The possibility of distortion of Mendelian ratios as a result of 
differential growth rate of the tubes of genetically different pollen grains seems first to have been suggested 
by Renner (30), who later ($1) obtained different ratios in Oenothera depending upon whether few or many 
pollen grains were used. The assumption was that when pollen is used sparingly the slower-growing tubes 
have a chance to fertilize more of the ovules. 
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the percentage of homozygous plants in the combined population not 
having departed significantly from 50 per cent. The probable reason 
for the apparent absence of selective fertilization will be considered 
presently. 


TABLE 8.—Numbers of plants and percentuges of homozygous plants in populations 
grown from seeds from the upper half and from the lower half of bolls produced by 
Pima flowers pollinated with mixtures of equal numbers of grains of Pima and 
upland pollen 

EXPERIMENT OF 1926 


Pollen grains applied Plants from— | Homozygous plants from— x? of depar- 
| tures of 
| | numbers 
observed 
from num- 
bers ex- 
pected in 
the absence 
of selective 
fertilization 


Upper Lower All 


Each kind Total Upper | Lower All | 
. seeds | seeds ms seeds seeds seeds 


(number) 





(from all 
seeds) 
Ss see oy 
|Number Nu mber|Nu mber Number| Per cent Per cent Per cent 
15 . 4 30 137 55 292 | 45.32.87 | 49.7+2.71 | 47.6+1. 97 0. 67 
| | 
EXPERIMENT OF 1927 
~ { 
Ti cn ncsngamiadientianes 30 272 295 567 | 57.0+2.02 | 57.0+1.94 | 57.0+1. 40 11.12 
Sila sbecacipibbinaideee e 40 258 171 429 | 49.742.10 | 52.7+2.57 | 50.8+1.63 i 
ae a 50 78 125 203 | 50.0+3.82 | 48.8+3.01 | 49.342.37 04 


BEREAN 60 156 and 338 | 48.72.69 | 47.8+2.50 | 48.2+1.83 -44 


In a similar experiment (No. 1) performed in 1927, four lots of 
emasculated Pima flowers were pollinated with mixtures of 15, 20, 
25, and 30 grains each of two kinds of pollen, Pima and Acala upland, 
hence with totals of 30, 40, 50, and 60 grains, respectively. There 
were no significant differences among the several lots of bolls obtained 
in respect to the mean number of seeds, hence no evidence that 60 
grains of pollen effected more nearly complete fertilization than was 
attained with 30 grains. The mean number of seeds having ranged 
from 11.9 to 13.3 in the several lots, the degree of fertilization was in 
all cases much higher than was attained with 30 grains of pollen in» 
the experiment of 1926 but fell considerably short of the degree 
attained in earlier selective-fertilization experiments in which each 
flower doubtless received many more than 60 pollen grains." 

The seeds obtained by pollination with the several pollen mixtures 
were planted in 1928 for determination of the percentages of homozy- 
gous plants, seeds from the upper and from the lower half of the bolls 
of each lot being planted separately. The resulting data are given 
in the lower section of Table 8. 

In none of the populations resulting from pollination with different 
numbers of pollen grains did the subpopulations from upper and from 


1! The better fertilization in 1927 than in 1926 probably is accounted for by the fact that the plants used 
in the experiment of 1926 were somewhat stunted, while the plants used in 1927 were vigorous and healthy. 
The deficient fertilization in the experiments of 1926 and 1927 does not necessarily imply that there were 
not sufficient numbers of viable osiien grains to fertilize more of the ovules, but may have been due to iso- 
lated position on the stigmas of the relatively few grains applied. Brink (7) found that in Cucumis the 
pollen develops better when the grains are massed than when they are scattered. From this fact he inferred 
the secretion of mutually stimulating substances and concluded that these ‘‘are apparently products of the 
metabolism of the pollen tube; they are readily diffusible and are utilized more completely when the tubes 
are massed.”’ 
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lower seeds differ significantly in the percentage of homozygous 
individuals, the difference in every case being smaller than its probable 
error. It appears that even when the total number of pollen grains 
(30) only slightly exceeded the number of ovules, the unlike (upland) 
pollen fertilized the ovules in the upper part of the ovary as readily 
as it fertilized the lower ovules. This finding, according with that 
of the experiment of 1926, indicates that there was not a more rapid 
growth of the tubes of the like pollen than of the unlike pollen. 
As the total number of pollen grains was not much greater than the 
number of ovules, if the tubes of the like pollen (Pima) had penetrated 
the ovary sooner than the tubes of the unlike pollen there should have 
been a higher percentage of homozygous plants in the subpopulation 
from upper seeds than in the subpopulation from lower seeds. 

A slight but perhaps significant degree of selective fertilization was 
shown by the population from pollination with 30 grains, the percent- 
age of homozygous plants being 57 per cent and the departure from 
50 per cent being 3.5 times its probable error. The value of x? for 
the departure from equal numbers of homozygous and heterozygous 
plants expected in the absence of selective fertilization is 11.1, indicat- 
ing chances of more than 100 to 1 that the departure is significant. 
No selective fertilization was shown in the populations from pollina- 
tion with 40, 50, and 60 grains. 

The absence of evidence of a high degree of selective fertilization 
in the populations of this experiment and in the experiment of 1926 
(Table 8) was unexpected. In the experiments of 1922 (Table 1) 
and in the experiment of 1925 (Table 7) in which each flower must 
have recived many more than 60 pollen grains, selective fertilization 
was very pronounced, as the populations grown from seeds produced 
by double pollination of Pima flowers with approximately equal quan- 
tities of Pima and upland pollen contained from 67 to 91 per cent of 
homozygous individuals. The cause of this difference apparently lies 
either in the greater viability of the unlike (upland) pollen used in 
the experiments of 1926 and 1927 or in selective survival in favor of 
the heterozygotes. 

The viability of the two kinds of pollen used in these later experi- 
ments was not tested directly, but all earlier tests indicated equal or 
nearly equal viability; and the two pollens, when applied separately 
to the stigmas of Pima flowers, have always produced very nearly 
equal degrees of fertilization. That the survival of the heterozygous 
plants may have been favored in the experiments of 1926 and 1927 
is suggested by the fact that the soil on which these populations were 
grown had become heavily infested with nematodes and that at 
Sacaton Pima cotton is much more susceptible than upland cottons 
to the resulting root-knot disease. The losses from this disease 
have been particularly heavy in the seedling stage. In 1922 and 1925, 
when the earlier experiments were performed, nematode infestation 
was not a factor. It is a fair assumption, therefore, that more of 
the homozygous (Pima) than of the heterozygous (Pima X upland) 
plants died from root knot in an early stage of growth; in which case 
unduly low proportions of homozygous (Pima) individuals would have 
been recorded. The appearance of a low degree of selective fertiliza- 
tion in favor of the like pollen in only one of the populations from 
the experiment of 1927 may have been due to the chance location of 
this population in less heavily infested soil. 
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The fact that in the experiments of 1926 and 1927 with mixtures 
of the two pollens the subpopulations from upper and lower seeds in 
no case differed significantly in the percentage of homozygous indi- 
viduals points to the conclusion that the two pollens were substan- 
tially alike in the growth rate of their tubes. Since the excision 
experiment described in the preceding section also gave negative 
results as to difference in the rate of growth of the tubes of the two 
kinds of pollen when both are present on the same stigmas, the con- 
clusion seems warranted that the tubes from such grains of the unlike 
pollen as escape the inhibiting action of the like pollen grow as rapidly 
and penetrate the ovary as soon as the tubes of the like pollen. It is 
inferred that the inhibiting action of the like pollen expresses itself in 
preventing the germination or early development of many of the unlike 
pollen grains. 


SELECTIVE FERTILIZATION AS AFFECTED BY INTIMACY OF 
POLLEN MIXTURE AND BY CONDITION OF LIKE POLLEN 


It is believed that the evidence here given has established the reality 
of selective fertilization in favor of the like pollen in cotton and has 
eliminated differential growth rate of the pollen tubes as a general 
cause of the phenomenon. How, then, is it to be explained? The 
hypothesis has been advanced by the writers (24) that a reaction takes 
place in the stigmatic tissue, making this tissue a less suitable medium 
for germination or development of the unlike pollen. The fact that 
the unlike pollen when present alone on the stigmas effects fertiliza- 
tion nearly or quite as readily as does the like pollen indicates that the 
inhibiting substance supposed to be produced in the stigmas develops 
only under a stimulus supplied by the presence of the like pollen. 

If the hypothesis is well founded, the inhibiting action should be 
greatest when both kinds of pollen are present over the whole stigmatic 
surface and least when they are placed separately on different parts of 
the stigmatic surface. In the former case every part of the stigmatic 
and stylar tissues would be affected by contact with the grains and 
tubes of the like pollen, while in the latter case tracts of stigmatic 
tissue not in direct contact with the grains and tubes of the like pollen 
would be available for penetration by the unlike pollen. It is also 
essential to an understanding of the problem to know whether the 
assumed toxin-producing capacity of the like pollen exists only when 
the pollen cells of the latter are intact and viable. If so, penetration 
of the stigmas by the pollen tubes would be indicated as a condition 
of the reaction. Experiments designed to afford information on these 
points were carried out in 1925, 1927, and 1928. 


ANTAGONISM PROPORTIONAL TO INTIMACY OF MIXTURE 


An experiment (No. 5) was performed in 1925 to determine whether 
the degree of antagonism is proportional to closeness of contact of the 
two pollens on the stigmas. During a period of 10 days (August 7-16), 
30 flowers of Pima cotton were emasculated daily and were pollinated 
with both Pima and Acala upland pollens. Equal numbers of flowers 
were pollinated in three different ways, as described below. 

Treatment A.—Approximately equal quantities of the two pollens were applied 


to opposite sides of the same stigmas, so that the two pollens were separated as 
widely as is possible when both were present on the stigmas of the same flower. 
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The application in this and in treatment B was made by brushing the stigmatic 
surface with the staminal columns of the pollen-supplying flowers. 

Treatment an “ae two pollens were applied by the method used in earlier 
experiments (21), Pima pollen followed by upland pollen on one-half of the 
number of flowers and the two pollens in the reverse order on the remaining 
flowers. By combining the resulting subpopulations, the result should approxi- 
mate that obtained by mixing the two pollens before application to the stigmas. 
Since both pollens were applied to the whole surface of the same stigmas, they 
were in closer contact than in treatment A. 

Treatment C.—Approximately equal quantities of the two pollens were mixed 
together thoroughly and the mixture was applied to the stigmas. The numbers 
of grains of the two kinds of pollens were not counted, but the mixture used 
on each day of the experiment was examined before it was placed on the stigmas 
in order to be sure that the two kinds of pollen, readily distinguishable by the 
size and color of the grains, were present in approximately equal quantities." 
This method assured the greatest possible intimacy of contact between the two 
pollens. 


A difference in the viability of the two pollens might have invalidated 
the results. Samples of both pollens, therefore, were tested each day 





FiGure 1.—Pollen grains of Pima Egyptian cotton (A) and of Acala upland cotton (B). Xx 160. 
The Pima pollen grains are somewhat larger and have somewhat longer spines than the upland 
grains. The color of the Pima pollen is deep golden yellow, and that of the upland pollen (Acala 
and Lone Star varieties) is pale cream. The smaller, light-colored grain in each lot of pollen is 
nonviable. (Photograph by A. E. Longley) 


by immersion in distilled water. No appreciable difference in the 
proportion of grains that exploded was observed. Additional tests, 
in a 5 per cent sugar solution, were made at the beginning and at the 
end of the 10-day period of the experiment. The first test showed a 
decided inferiority of the Pima pollen; the percentage of defective 
grains ranged from 20 to 50 per cent in the several Pima flowers and 
was negligible in the Acala flowers. On the other hand, there was no 
appreciable difference between the two pollens in the promptness and 
completeness with which the grains of normal size exploded in the 
sugar solution. In the second test the estimated percentage of small, 
light-colored, doubtless defective grains (fig. 1) ranged from 5 to 10 
per cent in the several Pima flowers and from 2 to 5 per cent in the 


2 Details of the procedure followed in preparing the mixture are as follows: Pima and Acala flowers were 
collected each morning when the anthers had begun to discharge their pollen and were brought into the labo- 
ratory. Approximately equal quantities of each pollen were shaken out on a microscope slide and mixed 
together thoroughly with a dissecting needle. The mixture was then transferred to gelatin capsules. The 
mixed pollen was applied by inverting a capsule over the stigmas and revolving it until the stigmas were well 
covered with pollen. The contents ofeach capsule served to pollinate two flowers. 


109285—32———-2 








208 Journal of Agricultural Research Vol. 44, No.3 





several Acala flowers. The varietal difference in the proportion of 
such grains was therefore much less pronounced than it had been 10 
days earlier. No varietal difference in the rapidity and completeness 
of explosion of the normal-sized grains was detected. In the pollen 
of both varieties, in addition to the very small grains there were a 
few grains of abnormally large size, which did not explode or did so 
only after very long immersion. 

In spite of the differences shown by these tests in sugar solution, 
it is believed that the mixtures used in treatment C were not deficient 
in viable Pima pollen. The proportion of the two kinds of pollen in 
the mixtures was determined by inspection rather than by count and, 
since the deep yellow of the viable Pima grains contrasts sharply with 
the much paler nonviable Pima grains and the nearly colorless Acala 
upland grains, a marked deficiency of normal Pima pollen in the 
mixtures could not have escaped notice. It should be noted further 
that since the pollinations of this experiment were made on Pima 
flowers an excess of viable upland pollen in the mixtures would have 
increased the percentage of heterozygous plants in the resulting popu- 
lation and hence would have tended to nullify the effect of selective 
fertilization in favor of the like pollen. 

The seeds obtained by the several methods of pollination were 
planted in 1926, and the numbers of plants grown and percentages 
of homozygous (Pima) individuals were determined. The results 
are given in Table 9. 


TaBLeE 9.—Number of ae and percentages of homozygous plants in populations 
from Pima flowers pollinated with both Puma Egyptian and Acala upland pollens, 
in different degrees of intimacy of mixture 


{Experiment No. 5, 1925] 


| x 2 of depar- 
tures of 
numbers 
observed 

Treat- . i ” oo sai Plants | Homozy- | from num- 
ment Method of applying the two pollens grown | gous plants| bers ex- 
ected in 

the absence 

of selective 

fertilization 





Number, Per cent 
A......| Separately, on opposite sides of the stigmas__....._........_--- 890 | 66.6+1.07 98. 0 
iceetice Over the whole stigmas but seriatim, Pima followed by upland 825 | 77.1+1.01 242.4 
pollen on half of the flowers, the sequence reversed on the 
other half, the populations from both sequences as 1 array.¢ | 
ee Mixed intimately before applying. .........._--- fe ER EGARS 978 | 86.44 .74 518.4 





* As was the case in the experiment described in an earlier paper (24, p. 332-333) the subpopulation from 
the like + unlike sequence of pollination gave a higher percentage of homozygous individuals (80.3 + 1.29 
per cent) than the subpopulation from the sequence unlike + like (74.1 + 1.49 per cent). The difference 
between these percentages is 3.1 times its probable error. As the 2 subpopulations were of somewhat un- 
equal size (431 and 394 plants, respectively) the percentage of homozygous individuals, as given for the whole 
population, is the average of the percentages of the 2 subpopulations. 


A very high and very significant degree of selective fertilization in 
favor of the like pollen in all three populations is indicated by the 
data in Table 9. The magnitude of x’ of the departures of the ob- 
served numbers of homozygous and heterozygous plants from the 
numbers expected had there been no selective fertilization indicates, 
in every case, chances many more than 100 to 1 that the departure is 
significant. It is clear that these results are not attributable to a 
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difference in the viability of the two pollens, such difference as was 
observed having been in favor of the unlike (upland) pollen. 

A comparison of the results from the several methods of pollination 
shows that treatment A, in which the two pollens were placed sepa- 
rately on opposite sides of the same stigmas, yielded the lowest per- 
centage of homozygous plants and that treatment C, in which the 
pollens were mixed together thoroughly before application to the 
stigmas, yielded the highest percentage. The difference of 19.8 + 1.30 
per cent is highly significant, being 15.2 times its probable error. 
Treatment B, in which the two pollens were applied on the same stig- 
matic surface but without being thoroughly mixed, yielded a nearly 
intermediate percentage of homozygous plants, which differed 
significantly from the percentages yielded by treatments A and C 
(differences 7.1 and 7.4 times their respective probable errors). 

Since the closeness of contact of the two pollens was least in treat- 
ment A and greatest in treatment C, the results of this experiment 
accord perfectly with the initial assumption that the degree of antago- 
nism should be proportional to the degree of intimacy of contact of the 
pollens. 


ANTAGONISM CONDITIONED BY VIABILITY OF THE LIKE POLLEN 


Evidence having been obtained that presence of the like pollen 
tends to inhibit the development of the unlike pollen and that the 
magnitude of the resulting effect is proportional to the intimacy of 
contact of the two pollens, the question arises whether the like pollen 
exerts this antagonistic action only when present in a viable condition. 
In an endeavor to answer this question, experiments were performed 
in 1927 and 1928 in which the viability of the like pollen was destroyed 
by maceration and immersion in distilled water before it was placed 
on the stigmas. 

EXPERIMENT OF 1927 


Well-grown plants of Pima Egyptian cotton were selected, and on 
these, during each day of the experiment, flower buds were emascu- 
lated and bagged. Other buds on the Pima plants and on plants of 
Acala upland cotton were merely bagged in order to provide pollen. 
The following morning some of the bagged but not emasculated Pima 
flowers were taken to the laboratory, and the pollen was shaken 
from the anthers into a small agate mortar and thoroughly macerated. 
The resulting fine paste, mixed with a little distilled water, was carried 
to the field in a small glass vial. This suspension will be referred to 
hereafter as “pollen extract.’’ The remaining bagged but not emas- 
culated Pima and upland flowers were taken from the plants and used 
to provide living pollen. The involucre and corolla of these flowers 
were excised so that the pollen could be brushed onto the stigmas 
without previously removing it from the anthers. 

The stigmas of half of the emasculated flowers were painted with 
the suspension of macerated Pima pollen by means of a small camel’s- 
hair brush. Half of the flowers so treated were pollinated with intact 
Pima pollen (A) and half of them with intact upland pollen (C). 
The remaining emasculated flowers were used as controls, and their 
stigmas, not coated with pollen extract, were pollinated likewise, 
half of them with Pima (B) and half of them with upland pollen (D). 
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A small tag, on which was written the plant number, date, and a 
letter indicating the treatment, was attached to each flower as soon 
as it was pollinated and the flower was then inclosed in a fresh bag 
to prevent the access of foreign pollen. 

The four treatments, given on each of the 10 days of the experi- 
ment to equal numbers of emasculated Pima flowers, may be sum- 
marized as follows: 

(A) Stigmas coated with Pima pollen extract, pollinated with Pima pollen. 

(B) (Control) stigmas not coated, pollinated with Pima pollen. 


(C) Stigmas coated with Pima pollen extract, pollinated with upland pollen. 
(D) (Control) stigmas not coated, pollinated with upland pollen. 


A total of 100 Pima flowers received each treatment during the 
course of the experiment. Each of the bolls obtained, with its tag, 
was collected as it matured, and the number of seeds was determined. 
Any seed, however small, that had developed beyond the ovule stage 
was counted as a fertilized seed. Table 10 shows the percentages of 
bolls retained from flowers receiving the several treatments and the 
mean numbers of seeds in these bolls. 


TABLE 10.—Degrees of fertilization attained in Pima cotton flowers of which the 
7 mas had been coated with macerated Pima pollen and pollinated with Pima 
ollen (A) and with upland pollen (C) as compared with the control flowers of 
tohich the stigmas were not coated but were pollinated with Pima pollen (B) and 
with upland pollen (D) 


{Experiment of 1927] 








Treat- inati ims 
ment Pollination of Pima treated tained boll 
Mean 
Number| Per cent number 
ine ‘ 100 | 34.0+3. 19 11. 60. 63 


| 
| 
< Pima, on Pima extract ................. 
| X Pima, control - ---- ‘ 100 | 65.043. 22 _% 2+ .23 
| - 

| 
| 
| 


Difference (B—A) 





pana enine 31. O44. - 53 4 6. 


Xupland, on Pima extract_...-.......-.-. 


100 | 35,043.22; 9.64. 
SS Pere eae 


100 | 65.0+3.22) 17.54 . 4 





= Bolls re- | Seeds per 
| 


Difference (D—C) Jt erie Kies ictal secdssucncu nt ine 
Difference (D—C)—(B— . SO a a ES eS —1. 0+6. 43 3.34 .85 


Both sets of flowers (A and C) whose stigmas had been coated 
with pollen extract were much less completely fertilized than the 
respective controls (B and D), as shown both in the lower percentage 
of bolls retained and in the smaller mean number of seeds per boll. 
This lower degree of fertilization doubtless was partly due to the 
fact that the coating of pollen extract prevented close contact of 
many of the living pollen grains with the stigmatic surface. It was 
observed that the pollen adhered much more readily to the untreated 
stigmas than to those which had been coated with the extract. The 
bursting of many of the grains when brought into contact with the 
stigmas that had been moistened by the extract probably was also 
a 1 factor limiting the fertilization of the treated flowers.” 


13 Nearly all the bolls miataet 7" the flowers that had received the extract were from flowers treated on 
the last five days of the experiment. The reason doubtless was that at first the living pollen was applied 
immediately after application of the pollen extract. When it was observed that practically no bolls were 
setting from flowers thus treated the extract was allowed to evaporate on the stigmas before the living 
pollen was applied. Less than one minute sufficed for this. 
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If the macerated Pima pollen had had an inhibiting effect upon the 
capability of the unlike (upland) pollen to accomplish fertilization, 
then the reduction in the degree of fertilization resulting from applica- 
tion of the pollen extract, as compared with the fertilization of the 
corresponding control,'* should have been greater in treatment C than 
in treatment A. In other words, the difference D—C should be 
greater than the difference B—A. Table 10 shows that this was not 
so in regard to percentage of bolls retained, but in mean number of 
seeds per boll the difference D—C is 3.34 0.86 seeds greater than the 
difference B—A. The difference between the two differences, being 
3.8 times its probable error, may be regarded as significant. The re- 
sults of this experiment seem to indicate that the inhibiting effect of 
like upon unlike pollen persists even when the viability of the former 
presumably has been destroyed by maceration. 

In order to ascertain whether the viability of the pollen used in 
coating the stigmas had been destroyed completely by maceration, 
the seeds produced by the severally treated flowers were planted in 
1928 and the populations were examined on July 19. The population 
representing treatment A (pollination with Pima pollen on Pima 
extract) comprised 218 plants, all of which were Pima, as would have 
been the case, of course, whether or not any of the pollen grains in the 
extract had remained viable. But if the Pima extract had contained 
viable pollen, the population representing treatment C (pollination 
with upland pollen on Pima extract) should have contained at least 
a few plants from the fertilization Pima Pima, whereas all of the 283 
plants in this population were easily recognizable as Pima < upland F;. 
It is probable that even if a few pollen grains escaped maceration by 
grinding in the mortar they burst promptly and lost their viability 
when the paste was mixed with distilled water. 


TABLE 11.—Relative survival rate of plants f rom fertilizations Pima % Pima (treat- 
ments A and B) and of plants from fertilizations Pima X upland (treatments C 
and D), of the experiment of 1927 





Treatments Pollination suits Plants surviving Nature of the plants 
Number Number| Per cent 
Pima X Pimts.......c<0-<<<- 1, 196 592 | 49.54+0.97 All Pima. 
i, Se) 1, 136 899 | 79.14 .81 All Pima X upland F;, 
i Te Sires. 29. 6-1. 26 
' 


Better survival of the heterozygotes is indicated by the data given 
in Table 11, which shows that the combined population from flowers 
pollinated with unlike pollen (C and D) was much larger in proportion 
to the number of seeds planted than the combined population from 
flowers pollinated with like pollen (A and B). In earlier experiments, 
the heterozygotes showed no such marked superiority to the Pima 
plants in rate of survival,” but the soil where these plantings were 





4 It is interesting to note that the mean number of seeds per boll from the control flowers pollinated with 
upland pollen (D) is significantly greater than the number from the control flowers pollinated with Pima 
pollen (B), the difference being 3.9 times its probable error. Other examples of increased fertilization of 
Pima flowers when pollinated with upland pollen are given in Table 2. es 

15 In the field plantings of earlier experiments, there appeared to be no superiority of the heterozygotes in 
this respect, as evidenced by the percentages of heterozygotes in hills containing one or two as compared 
with hills containing a greater number of plants (22, p. 46; 24, p. 334). In laboratory germination tests, how- 
ever, there were slight differences in favor of the heterozygotes (22, Table 23). The results of a similar test, 
showing better germination of the heterozygous seeds, are given in Table 3 of the present paper. 
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made in 1928 was heavily infested with nematodes, and it has been 
observed at Sacaton that the mortality due to these organisms is 
much heavier in Pima than in upland cotton or in Pima X upland F,, 


EXPERIMENT OF 1928 


The results of the experiment in 1927 indicated that Pima pollen 
of which the viability has been destroyed by maceration may inhibit 
the germination or subsequent development of some of the upland 
pollen grains on the stigmas of the Pima flowers. The observed 
effect was slight, however, and it was thought advisable to repeat the 
experiment on a larger scale. This was done in 1928. The number 
of treatments was increased by using macerated pollen of both Pima 
and Acala upland and by applying it to flowers of both varieties. The 
several lots of emasculated flowers of each variety, therefore, were 
treated as follows: 

(A) Stigmas coated with Pima pollen extract, pollinated with Pima pollen. 

(B) (Control) stigmas not coated, pollinated with Pima pollen. 

(C) Stigmas coated with Pima pollen extract, pollinated with upland pollen. 

(D) (Control) stigmas not coated, pollinated with upland pollen. 

(E) Stigmas coated with upland pollen extract, pollinated with Pima pollen. 

(G) Stigmas coated with upland pollen extract, pollinated with upland pollen. 

The first four treatments are the same as treatments A, B, C, and D 
in the experiment of 1927, while treatments E and G amplify the experi- 
ment so as to test the effects of macerated upland pollen also. Treat- 
ment B (Pima pollination) served as the control for treatments A and 
E, and treatment D (upland pollination) served as the control for 
treatments C and G. 

The technic was the same as that of the 1927 experiment, except in 
two minor details. From the plants selected for treatment all bolls 
that had set before the beginning of the experiment were removed at 
the outset, and thereafter all flowers not treated were removed daily. 
This was done because of Eaton’s discovery that removal of many of 
the flowers and bolls reduces the rate of shedding of those left on the 
plants (10). It was found that the soft, almost flaccid involucres of the 
upland flowers were much in the way when emasculating and _polli- 
nating, a difficulty not experienced in handling the Pima flowers because 
of the crisper, more rigid texture of the involucre in this type. For this 
reason the upper portion of the upland involucre was cut away when 
emasculating the flower bud. 

The percentage of bolls retained and the mean number of seeds in 
these bolls were computed separately for each of the six treatments 
in each population. The statistical constants thus obtained are 
given in Table 12. The percentage of bolls retained and the mean 
number of seeds per boll were much lower from flowers treated with 
pollen extract (treatments A, C, E, and G) than from the control 
flowers (treatments B and D). The reason for this difference was 
given in describing the experiment of 1927. 

Table 12 shows also the difference in percentage of bolls retained 
and in mean number of seeds per boll between each lot from flowers 
treated with macerated pollen and the lot from the corresponding 
control flowers. Comparison of the differences between these differ- 
ences, likewise given in Table 12, should determine whether the macer- 
ated like pollen had reduced the degree of fertilization effected by the 
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unlike pollen. If this had been the case, in the populations from 
Pima mother plants the difference D—C (upland pollen control minus 
upland pollen on stigmas coated with Pima pollen veo= should 
have been significantly greater than the difference B— A (Pima pollen 
control minus Pima pollen on stigmas coated with Pima pollen 
extract). Likewise, in the populations from upland mother plants, 
the difference B—E (Pima pollen control minus Pima pollen on stig- 
mas coated with upland pollen extract) should have been signifi- 
cantly greater than the difference D—G (upland pollen control 
minus upland pollen on stigmas coated with upland pollen extract). 


TaBLE 12.—Number of flowers treated, percentage of bolls retained, and mean number 
of seeds per boll from emasculated flowers of Pima Egyptian and of Acala upland 
cotton, some of which had been pollinated with Pima pollen and some with Acala 
pollen, with and without previous application to the stigmas of macerated pollen 
(pollen extract) of each type of cotton 


[Experiment of 1928] 


PIMA AS MOTHER PLANTS 









































Tens ‘ >allinati Flowers Bolls Seeds per 
rreatment Pollination treated retained boll « 

Number Per cent Mean number 

A........-..-.-| X Pima, on Pima extract... ...... oa Seema 50 74. 044. 18 9.320. 75 
Sas: ~  #£4e SS Se eae 101 97.0+1. 15 18.0+ .21 
po SE See a See 23. OR4. 34 8.74 .78 

ae SO eee 51 . ” $0, 44:3. 75 9.64 .71 
ES RGAE AERTS, RLS LENE 100; 93.0+1.72 18.2+ .23 
Difference (D—C) - tbietéalistiaaisesias 12. 644. 13 8.64 .75 

Difference (D—C )—(B—A). inigmaberaabarsalae aes —10. 446. 00 —.1+1. 08 

RS ..-| X Pima, eupeet eeen Sea Be Sere Sar - 50 72.0. O+ £4.28 - oie 5+ .69 
B. = =) Pima, control — ee ee 101 97.041. 15 18.0+ .21 
BE Se TN a Fee 25. 0-44. 44 . 5+ .72 

Se Xupland, on upland extract__..-..........------ 50 | ~ 68. 04. 45 a “$. 24 “59 
eee a a er ae 100 93. . O-E 1. 7 72 18.24 .23 
Difference (D—G) - SEPARA LE RREET | 5. 044.7 77 10.04 . 63 

Difference (B—E :)—(D-G). PERE, RAE * +6. 52 —1.54+ .96 

a —_ ———————$—— — —_ -_ — _ — = — J —EE = - — 

UPLAND AS MOTHER PLANTS 

eee ee rene ee 50 44.0+4. 74 11. 61.05 
RE Beas Fe 50 96. 02-1. 87 __ obit . 51 
NN GI BD. vanccesnccvsstnseccs Lepskmmasamaadhe §2. O+5. 10 19. ). 51.17 17 

ree Ee eee eee 50 36. 0-4. 58 14.441. 43 
D --.------| Xupland, control_......... SECEDE BS : 50 98. 01. 33 33.0+ .25 
Difference (D—C) - --- Ee ese Ps Wee 62. 04-4. 77 18. 641.45 

Difference (D—C )—(B—A)- biagtinitaasabio 10. 0-6. 99 —. 91. 86 

—_= an .-| X Pima, on upland extract.................--..-- 51 41. 24-4. 65 10. 8+ .92 
RE TLL ee ER iad 50 96. 0-1. 87 31.14 . 51 
Difference (B—E)..........-..-.--.---- PE 54.8 5.02 | 20. 31. 05 

— a Se anon 50 28. O44. 28 14, 9-1. 57 
iiaemantaseita Xupland, control... -- sdb A a EA AE BSN 50 98. 0-1. 33 33.04 .25 
EE ee! eS ---| 70.044, 49 18. 11. 59 

Difference (B—E)—(D-—G).........-.-..--|-.------- —15. 246. 74 2. 241.91 


* Probable errors increased by using Pearson’s correction for the standard deviation when the number 
small, 
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Since the hypothesis assumes an inhibiting effect of the like pollen 
upon the unlike pollen but no such effect of the unlike pollen upon the 
like pollen, there should have been no significant difference between 
the pollinations with like and with unlike pollen in the degree to which 
the fertilization of the flowers of either variety was reduced by the 
application of macerated pollen of the other variety. In other 
words, in the populations from Pima mother plants, the difference 
B—E (Pima pollen control minus Pima pollen on stigmas coated 
with upland pollen extract) should not have differed significantly 
from the difference D—G (upland pollen control minus upland pollen 
on stigmas coated with upland pollen extract). Likewise, in the 
populations from upland mother plants, the difference D—C (upland 
pollen control minus upland pollen on stigmas coated with Pima 
pollen extract) should not have differed significantly from the differ- 
ence B— A (Pima pollen control minus Pima pollen on stigmas coated 
with Pima pollen extract). 

It is evident from the data in Table 12 that none of these differences 
between differences, in either percentage of bolls retained or mean 
number of seeds per boll, is significant with respect to its probable 
error. In this experiment, therefore, there was no indication that 
either pollen, when macerated and applied to the stigmas of either 
variety, exerted an inhibiting action upon the development of the 
other kind of pollen, except for the purely mechanical effects of the 
presence of the pollen extract, as noted above. 


TABLE 13.—Classification of populations from the several treatments of flowers on 
plants of Pima and of Acala upland cotton 


[Experiment of 1928] 


SEEDS FROM PIMA MOTHER PLANTS 


Number of plants grown) __ se 
Expectation if 








maceration was 





Treatment Pollination | | Heter completely 
. | Homo- | er .| effective (all 
Total zygous wa plants) 
ee eel sen = 
| SRC oes < Pima, on Pime extract .................... } 20 | 0 | Homozygous, 
eee lll gaa 117 | 117 0 Do. 
ENCE X upland, on Pima extract_................- 60 | 60 | Heterozygous 
| Reap re SE eo Ses 449 | 0 449 Do. 
AEE, X Pima, on upland extract...............-.. 33 33 0 | Homozygous. 
ea X upland, on upland extract ...............- 48 0 48 | Heterozygous. 
salahieds ibs RE PEE CRATE FE it ten 
SEEDS FROM UPLAND MOTHER PLANTS 
al ee X Pima, on Pima extract_............-..-... 149 “35 114 Heterozygous. 
ESAS i. « ” see 188 0 188 Do. 
OR EES 109 109 0 Homozygous. 
| a i ee 111 111 0 Do. 
eT conoal 2 Ss GM GENE GUMOM......W-oseccececce 124 218 106 Heterozygous. 
__ as -| X upland, on upland extract __............-- 33 33 0 Homozygous. 


_ * The occurrence of a few homozygous (upland) plants in these 2 populations, where none was expected, 
is attributable to the fact that the land had been in upland cotton the year before and many plants volun- 
teered from seeds left in the soil. 


In order to ascertain whether any error could have arisen through 
failure to destroy the viability of all the pollen grains in the macerated 
pollen, the seeds resulting from the several treatments were planted 
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in 1929 and the populations thus obtained were classified, with the 
results given in Table 13. Except for the two cases noted in the foot- 
note to the table, of the occurrence of homozygous (upland) plants in 
populations which should have contained only heterozygous (upland 
x Pima F,) plants, the classification indicates complete destruction 
of the viability of the macerated pollen. The exceptions are attribu- 
table to volunteering from seeds left in the soil from the preceding 
crop. The fact that no heterozygous plants were found in populations 
that should have been all homozygous warrants the conclusion that 
the maceration had been effective. 


CoMPARISON OF THE Two EXPERIMENTS WITH MACERATED POLLEN 


The experiment of 1927, in which only Pima mother plants were 
used (see Table 10) showed that in meen number of seeds per boll the 
difference D—C (upland pollen control minus upland pollen on Pima 
stigmas coated with Pima pollen extract) was greater than the differ- 
ence B—A (Pima pollen control minus Pima pollen on Pima stigmas 
coated with Pima pollen extract), the difference between these differ- 
ences (D —C minus B— A) being positive in sign and nearly four times 
its probable error. This result indicated that the treatment with 
macerated Pima pollen depressed the fertilization of flowers pollinated 
with the unlike (upland) pollen more than it depressed the fertilization 
of flowers pollinated with the like (Pima) pollen. 

The more comprehensive experiment of 1928, in which plants of both 
Pima and upland cotton were used as mothers and the effects of ex- 
tracts of both kinds of pollen were tested, showed, on the contrary, 
that treatment with like pollen in a macerated condition caused no 
significant differences in the relative fertilization of flowers of either 
type whether the pollen supplied in a living state was of the same or of 
the other type. The presence of the macerated pollen on the stigmas 
resulted in greatly reduced fertilization, but the action seems to have 
been purely mechanical, since the reduction was no greater when the 
living pollen was of the other type than when it was of the same type 
as the macerated pollen. 

The greater weight of evidence, therefore, favors the conclusion that 
the hypothetical alteration in the stigmatic tissue, unfavorable to the 
unlike pollen and attributed to action of the like pollen when both 
kinds are present on the stigmas, takes place only when the like pollen 
is viable. If such a reaction in the stigmatic tissue is the true expla- 
nation of selective fertilization as observed in cotton, presumably the 
reaction can take place only after the tubes of the like pollen have 
penetrated the stigmas, a condition that is removed by maceration of 
the like pollen. 


POLLEN ANTAGONISM IN RELATION TO CONSANGUINITY 


Jones (21, p. 75) found that in maize the degree of selective ferti- 
lization in favor of the like pollen is positively and rather highly 
correlated with the degree of heterosis indicated by the weight of 
the heterozygous seeds. The coefficient of correlation obtained was 
0.50+0.09. In other words, assuming that the greater the degree of 
heterosis the more remote is the relationship of the two forms that 
are crossed, it follows that selective fertilization tends to be inversely 
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proportional to consanguinity. As Jones expressed it, “the some- 
what surprising situation exists that in proportion as the cross- 
fertilization benefits the immediate progeny in its development the 
less effective is that pollen in accomplishing the union.” 

In the case of cotton, the writers obtained evidence of a high de- 
gree of selective fertilization when two kinds of pollen, each repre- 
senting a distinct species of Gossypium, were applied to the stigmas 
of the same flower of one of these species. To ascertain whether the 
situation is similar to that in maize, experiments involving more 
nearly related forms were undertaken. Two families of Pima cotton 
that differ in a single Mendelian character, i. e., full and very weak 
development of the spot at the base of the petal, afforded suitable 
material for testing this point, since both parental families were 
homozygous and the heterozygotes of crosses between them could 
be distinguished easily from the recessive (weak-spotted) parental 


form. ; 
EXPERIMENT OF 1924 


In 1924, plants of the weak-spotted Pima progeny 3-27-29 were 
grown at Sacaton adjacent to plants of the full-spotted Pima progeny 
13-17-10. Flowers of the former were emasculated and pollinated 
with both kinds of pollen, taken at random from the several indi- 
viduals in the respective progeny. The technic was the same as in 
several of the experiments with Pima and upland cotton, i. e., one 
half of the flowers were pollinated first with like and then with 
unlike pollen (like + unlike) and the other half were pollinated first 
with unlike and then with like pollen (unlike + like). 

Equal numbers of flowers received each treatment on each day, 
and practically the same number of seeds was obtained from each 
treatment. The bolls that matured from each lot of flowers were 
halved and the seeds from the upper and from the lower half were 
kept separate, giving four subpopulations that were grown in 1925. 
These subpopulations represented: Like + unlike pollination, upper 
seeds; like + unlike pollination, lower seeds; unlike + like pollination, 
upper seeds; and unlike + like pollination, lower seeds. Four seeds 
were planted to the hill, and no thinning was done. Although equal 
numbers of seeds were planted, the stand varied so greatly in differ- ° 
ent parts of the plot that the several subpopulations were of very 
unequal size. 

As the plants flowered they were classified. To guard against 
errors in classification, three flowers on each plant were graded as to 
the degree of spotting, and the average of the grades of the three 
flowers was determined. The two classes of plants were easily 
distinguished, 3.0 representing the maximum average grade in the 
weak-spotted class and 5.5 the minimum average grade in the strongly 
spotted class. It may safely be concluded that the former were 
homozygous, representing the fertilization like < like, and that the 
latter were heterozygous, representing the fertilization like < unlike. 

Table 14 shows the number of plants and percentage of homozy- 
gous individuals in the subpopulations as combined in two pairs 
representing, respectively, the two sequences of pollination ial the 
two positions of the ie 

The upper section of Table 14 shows that when the like pollen was 
applied first the percentage of homozygous individuals in the resulting 
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population was considerably in excess of the 50 per cent expected had 
there been no selective fertilization. The departure amounts to 10.4 
per cent and is four times its probable error. The more advantageous 
position of the pollen applied first on the stigmas may partly account 
for this excess (24, p. 332, 333), but if this had been the only factor 
there should have been a corresponding excess of heterozygous plants 
in the population from flowers that received the unlike pollen first. 
In fact, however, there was a small but not significant excess of 
homozygous plants in the latter population.” 


TaBLe 14.—Number of plants and percentage of homozygous plants in the several 
populations resulting from pollination of flowers of a homozygous weak-spotted 
family of Pima cotton with pollen of both the weak-spotted family and of a homo- 
zygous full-spotted family of the same variety 


[Experiment of 1924) 





, | Homozy- 
Population based on— rials | gous 
& | plants 
Sequence of pollination: Number | Per cent 
SAAT NS LO, OE SR 321 | 60.441. 84 


SETTLE ETE AN email 234 | 53.842. 20 

OO A LEILA P AE ALDER A Pe eget 555 | ¢ 57.141, 42 
Position of seeds in boll: 

I IOI asi is eipeiinseschtiaand ain deibeunionaxemeiin a 245 | 62.44+2.09 

ELLE ADEE NEAT AIEEE, 310 | 53.94+1.91 


* Because of the difference in size of the subpopulations from the like + unlike sequence of pollination 
(all seeds) and the unlike + like sequence (all seeds) the percentage for the whole population (555 indi- 
viduals) was not computed directly from the total number of plants and of homozygous individuals but 
was taken as the average of the percentages of the subpopulations representing the 2 sequences of pollination. 


The average of the percentages of homozygous individuals in the 
two subpopulations (from like+ unlike and from unlike + like pollina- 
tions) should approximate the result that would have been obtained 
if equal quantities of the two kinds of pollen had been mixed together 
before application to the stigmas. The average, given in Table 14 
as the percentage of the whole population, shows an excess of 7.1 
per cent of homozygous plants, and the departure from the 50.0 + 1.42 
per cent expected had there been no selective fertilization in favor of 
the like pollen is 3.5 times its probable error. The departures of the 
Renrved numbers of homozygotes and heterozygotes from the equal 
numbers expected if there had been no selection among the pollen 
grains give a value for x’ of 11.2, indicating chances of more than 100 
to 1 that the departures are significant. 

The question whether the tubes of the like pollen grew faster than 
the tubes of the unlike pollen is also of interest. If such were the 
case, there should have been a higher percentage of homozygous 
individuals in the population from seeds in the upper part of the boll 
than in the population from seeds in the lower part of the boll. The 
data given in the lower section of Table 14 indicate that this was the 
case, the percentage of homozygous individuals being 8.5+2.83 per 
cent — from the upper than from the lower seeds. The difference 
is only three times its probable error, hence doubtfully significant, 


© The departure in the subpopulation from unlike+like pollination from the expectation (60.4 per cent 
heterozygotes), if sequence of pollination had been the only factor and had had the same effect as in the 
like+unlike population, is 141 (60.4 per cent of 234)—108 (the actual number heterozygous) =33--5.05. 
The probable error of this departure was computed as 





0.6745XV The expected per cent (0.604) X1—the expected per cent (0.396) Xn (234). 
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but the fact that it is of nearly the same magnitude as the excess in 
percentage of homozygous individuals in the whole population sug- 
gests that the small degree of selective fertilization shown in this 
experiment may have been due to the more rapid growth of the tubes 
of the like pollen. It is possible, therefore, that these families of 
Pima cotton differ genetically in their determiners for rate of pollen- 
tube growth. 


EXPERIMENT OF 1925 


The experiment of 1924 was repeated the following year on material 
from the same homozygous Pima families, weak-spotted and full- 
spotted. The pollinations were made in 1925, and the resulting seeds 
were planted in 1926. The technic was in all respects similar to that 
of the first experiment except that the ed and lower seeds were 
not separated. The results are given in Table 15. 


TABLE 15.—Number of plants and percentage of homozygous plants in the popula- 
tions resulting from pollination of flowers of a homozygous weak-spotted family of 
Pima cotton with pollen of both the weak-spotted family and a homozygous full- 
spotted family of the same variety 


[Experiment of 1925] 


Sequence of pollination —_ pt 


| Number| Per cent 
EEL RE ES OA OR TIES. OE IS AD sata aethe thin Se OE! | 507 | 54.8 +1.49 
Unlike + like........... AEE EEL AEN OME OT Ces niicenenuitibcniiswl 624 | 36.1 +1.41 
As one array 1, 031 | #45. 4541.05 





* Average of the percentages of the 2 populations. 


In this experiment the sequence in which the two pollens were 
applied made a much larger and much more significant difference 
between the resulting percentages of homozygous individuals than 
was the case in the experiment of 1924, indicating that the stigmas 
in the later experiment may have been more densely covered with 
the pollen applied first in the sequence unlike + like than in the earlier 
experiment. The average of the percentages of the two subpopula- 
tions in the present experiment differs from that of the earlier experi- 
ment in showing a deficit (45.45+ 1.05) instead of an excess (57.1+ 
1.42) of homozygous individuals. (See Tables 14 and 15.) The 
departure from the 50 per cent expected if there had been no selective 
fertilization is only three times its probable error, but the deviations 
from equal numbers of homozygous and heterozygous individuals give 
a value for x? of 8.75, indicating chances of more than 100 to 1 that 
the deviations were significant. 

The two experiments, therefore, although alike in the technic and 
material employed, gave opposite results. A small degree of selective 
fertilization is indicated by both experiments, but in the first experi- 
ment the selection was in favor of the like pollen and in the second 
experiment it was in favor of the unlike pollen. As the matter stands 
at present, it may be concluded that these two families of the same 
species and variety of cotton are so closely related that there is very 
little, if any, antagonism between their pollens when present together 
on the same stigmatic surface. So far as they go, the results are in 
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harmony with those obtained by Jones (27) in maize, indicating that 
selective fertilization diminishes with increasing consanguinity of the 
two forms. 


HYPOTHESIS OF POLLEN ANTAGONISM 


It has been demonstrated by the writers that when pollens of both 
Pima and upland cotton are applied in approximately equal quanti- 
ties to the stigmas of emasculated flowers of either type the resulting 
progeny shows a marked preponderance of plants from fertilization 
by like pollen (Pima X Pima or upland X upland). In other words, 
unlike pollen is at a disadvantage in fertilizing the flowers when like 
pollen also is present on the stigmas, as shown in Tables 1, 7, and 9. 

If there were any lack of compatibility between the two types of 
cotton, these results would require no further explanation, but there 
is abundant evidence, summarized in Table 2, of nearly perfect com- 
patibility when either pollen is applied alone to stigmas of the other 
type. This nearly or quite complete mutual compatibility of Pima 
and upland cotton is surprising in view of the fact that they belong to 
very distinct species, representing each of the main groups of culti- 
vated American cottons. Pima (Gossypium barbadense) is of the South 
American group and upland (G. hirsutum) is of the Mexican group 
(23, p. 207, 208). These types differ in many morphological charac- 
ters and also in such physiological characters as rate of boll shedding 
(25, p. 652, 653) and selective absorption of certain components of the 
soil solution (15, 16). 

A pronounced difference in the viability of the pollens also would 
account for the observed facts, but repeated tests in vitro have given 
no evidence of differences sufficient to account for the observed in- 
equalities in the proportion of homozygous and heterozygous plants 
shown by the populations from mixed pollinations. 

Differential survival, after fertilization, in favor of the homozy- 
gotes would have the same effect as selective fertilization in favor of 
the like pollen, but in all cases where differences have been observed 
in the rate of survival, during or after germination, the advantage 
has been with the heterozygotes. Such differential survival as has 
occurred in the experiments, therefore, has been of a nature to obscure 
rather than to magnify the effect of selective fertilization in favor of 
the like pollen. 

It is also possible that there may have been selective survival among 
the zygotes immediately after fertilization, resulting in the death at 
a very early stage of a disproportional number of zygotes from like x 
unlike unions. The nearly perfect compatibility of the two cottons 
and the greater vigor of the heterozygotes at and after the stage of 
germination make this improbable, but the possibility should not be 
ignored. Comparison of the mean number of seeds with the mean 
number of ovules, assuming that all undeveloped ovules represent 
unsuccessful heterozygous unions, should indicate whether this as- 
sumption may account for the observed preponderance of homozygous 
plants in the adult population. Computation on this basis, in five 
populations in which there was a marked indication of selective fertili- 
zation, increased the percentage of possible heterozygous individuals 
from 32.4 to 47.0, from 17.2 to 35.3, from 11.8 to 23.7, from 9.3 to 
20.0, and from 12.8 to 21.4. In all but one of these populations the 
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deficit of heterozygous plants is still far too great to warrant the as- 
sumption that selective survival rather than selective fertilization is 
the explanation." 

The evidence seems conclusive that the observed facts may be in- 
terpreted only on the basis of selection between the two kinds of pollen 
grains. Difference in the rate of growth of the pollen tubes is the ex- 
planation that suggested itself first. 

It is obvious that if two kinds of pollen differ consistently in this 
respect, the faster-growing pollen will have the advantage in fertilizing 
the ovules when both kinds are present on the stigma of the same 
flower. Evidence obtained by Jones and others and reviewed by 
Jones (21, p. 6-34) indicates that in maize, Oenothera, Melandrium, 
Datura, and other plants the two kinds of male gametes produced by 
a heterozygous individual may differ in the rapidity with which they 
effect contact with the female gametes, and that as a result there is 
selective fertilization and a consequent distortion of expected Men- 
delian ratios. In these cases it appears that the difference is of a 
genetic nature and that frequently the gene determining the rate of 
growth of the tube is linked with a gene for some visible character. As 
expressed by Brieger (3, p. 187), ‘‘Mendelian factors exist which pro- 
duce a selection among the gametes of a plant heterozygous for these 
factors, and both the mating of like with like or of unlike with unlike 
may be favored.” Jones also found evidence (21, p. 72-73) that the 
pronounced selective fertilization in favor of the like pollen, observed 
by him in maize when a mixture of two kinds of pollen was applied to 
the same stigmas, was caused, at least in part, by the more rapid 
growth of the tubes of the like pollen. 

Is selective fertilization in cotton to be explained on this basis? 
The evidence obtained by pollination of flowers of Pima and of upland 
cotton with pollen of both types was negative. When the pollens 
were applied separately and the styles and stigmas were excised at 
successive intervals, consistently greater fertilization, at a relatively 
short interval after pollination, was not effected by the like pollen as 
compared with the unlike. When the pollens were applied mixed 
there was not a greater proportion of homozygous plants in the popu- 
lation from flowers of which the styles had been excised comparatively 
soon after pollination than in the population from flowers in which, 
by postponing or omitting the excision, a longer period had been 
afforded for penetration of the ovary by the pollen tubes. Finally, 
comparison of the populations from seeds in the upper and in the lower 
part of the capsules obtained by pollinating flowers with mixed pollen 
did not show a higher percentage of homozygous plants in the popu- 
lation from upper seeds, as should have been the case, according to 
the results of Correns’s experiments with Melandrium (8), if there had 
been more rapid growth of the tubes of the like pollen. 

It may be concluded, therefore, (1) that selective fertilization 
between Pima and upland cottons really occurs, the excess of homo- 
zygous individuals in the populations from mixed pollination not 
being attributable to lack of mutual compatibility, different viability 


17 Moreover, the assumption that all undeveloped ovules represent unsuccessful heterozygous unions is 
unwarranted, since, even when the flowers are pollinated with like pollen only and in abundant quantity, 
some of the ovules always fail to develop. The data in Table 2 indicate that when Pima flowers were fer- 
tilized with Pima pollen the mean number of seeds in the resulting bolls in no case exceeded 18, whereas 
the mean number of ovules in the Pima ovary is approximately 21.5. 
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of the pollens, or selective survival at any stage after union of the 
male and female gamete, and (2) that differential growth rate of the 
pollen tubes is not the explanation, such of the tubes of the unlike 
pollen as develop being able to penetrate the ovary as rapidly and to 
accomplish fertilization as readily as the tubes of the like pollen. It 
would seem that the phenomenon is essentially different from selective 
fertilization in Zea, Oenothera, and Melandrium, which is attributed 
to genetic differences in the rate of pollen-tube growth. The writers, 
therefore, have chosen the term “‘pollen antagonism” to designate the 
supposed cause of selective fertilization as observed in cotton. 

The only hypothesis of pollen antagonism that seems applicable was 
stated in an earlier publication, as follows (24, p. 339): 

* * * the presence of like pollen in some way prevents the germination or 
subsequent development of many of the unlike pollen grains when both kinds are 
present on the stigmas. That the inhibiting factor does not reside in the stigmas 
themselves when like pollen is absent seems clear from the fact that when applied 
separately the unlike pollen is not inferior to the like pollen in rapidity ot devel- 
opment and ability to effect fertilization. It is conceivable, however, that the 
presence of pollen of the same type may induce a physiological reaction in the 
stigmas which makes them a relatively unfavorable medium for the germination 
or growth of pollen of a different type. The further assumption must be made 
that, in spite of this unfavorable condition, some of the unlike pollen grains are 
able to accomplish fertilization, possibly because they are more resistant, possibly 
because they happen to be so placed as to avoid the tracts of stigmatic tissue 
affected by contact with the like pollen. 

The results of experiments described in the present paper are 
believed to support this hypothesis. It is shown (Table 9) that the 
degree of selective action is proportional to the intimacy of mixture 
of the two pollens. The excess of homozygous individuals in the 
resulting population was least when the two pollens were deposited 
separately on opposite sides of the stigmas and greatest when an inti- 
mate mixture of the two pollens was applied to the whole stigmatic 
surface. This finding favors the assumption that the development of 
the unlike pollen tubes is less hindered in tracts of stigmatic and stylar 
tissue not immediately in contact with the tubes of the like pollen. 
Evidence also was obtained (Table 12) that the ability of the like 
pollen to inhibit the development of the unlike pollen is lost when the 
viability of the former is destroyed by maceration, from which it is 
inferred that the tubes of the like pollen must penetrate the stigmas 
in order to produce the inhibiting reaction. 

A reaction of some kind within the stigmatic tissue is suggested by 
the fact that the results of the pollinations with mixed pollen in the 
earlier experiments (summarized in Table 1) showed the selective 
fertilization in favor of the like pollen to be of the same order of mag- 
nitude, whether the two pollens were applied to Pima or to upland 
cotton flowers. To account for the phenomenon on the basis of a 
direct toxic action of the one kind of pollen on the other would require 
the improbable assumption that the Pima pollen is toxic to the upland 
pollen only when the two kinds happen to be present on Pima stigmas 
and that upland pollen is toxic to Pima pollen only on the upland 
stigmas. The fact that there was selective fertilization in favor of 
the like pollen resulting from treatment A of the experiment of 1925 
(Table 9) in which the two kinds of pollen grains, although present on 
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the same stigmas, were not in contact, is further evidence against a 
direct toxic action of the one kind of pollen on the other.'® 

In seeking an explanation of a very different phenomenon, self- 
sterility as observed in Nicotiana, East and Park (9) inferred the 
occurrence of a chemical reaction in the pistil induced by pollen, in 
this case by the unlike pollen. They wrote (9, p. 363-364): 


These results appear to us to show that the pollen tubes in a selfed pistil are 
not inhibited in their growth by substances secreted in that pistil, but rather 
that a substance or substances are secreted in the pistil after a compatible cross 
which accelerate growth, and that the direct cause of this secretion is a catalyzer 
which the pollen-tube nucleus is able to produce because the zygotic constitution 
of the plant producing it is different in certain particular hereditary factors from 
that of the plant on which it is placed * *, The action must be local, 
because the presence of compatible pollen tubes does not accelerate the growth 
of self pollen tubes. 


That the assumed reaction in the pistil of the cotton plant also must 
be local is indicated by the fact that the selective effect was least when 
the two pollens were deposited separately on opposite sides of the 
stigmas. 

Yasuda (35) sought to determine whether the ‘Linienstoffe,”’ as 
Correns termed the substances assumed by him to control compati- 
bility, are secreted in the style or in the ovary. He performed an 
ingenious experiment, involving two self-incompatible strains of 
Petunia, in which styles of each strain were grafted on ovaries of 
each strain, giving four combinations, with intact pistils of each 
strain as controls. It was found that the growth rate of the tubes of 
both kinds of pollen was determined by the identity of the ovary and 
not of the style in the artificial systems. Yasuda concludes that the 
Linienstoffe are secreted by the ovary and diffuse thence into the 
style.'® 

No evidence as to the nature of the inhibiting substance supposed 
to be produced in the pistil of the cotton plant is now available. 
Biochemical tests of extreme delicacy probably would be required to 
detect it. It is conceivable that the substance acts so as to render 
ineffective one or more of the enzymes present in the pollen grains and 
requisite for penetration of the tissues of the pistil and for utilization 
of the reserve food stored in them.” 

A hypothesis advanced by Swingle (33) in explanation of metaxe- 
nia, or direct effect of pollen on tissues of the mother plant, is of 
interest in this connection. Swingle suggests that a hormonelike sub- 
stance, secreted after fertilization by the embryo or "the endosperm 


1§ The sereimasiiiee: therefore, differs from that observed in rae by Godlewski an, ate found that 
eggs of a sea-urchin could be fertilized by sperm of a worm, but if the sperms of both animals were mixed 
together, both lost their ability to fertilize the sea-urchin eggs. Results similar to Godlewski’s, from exper- 
ments in vitro with plant pollen, are reported by O’Connor (27), who found that dev: elopment of the tubes 
of one kind of pollen was checked or inhibited in the presence either of pollen or of extracts of the stigmas 
and other tissues of a plant belonging to another species, genus, or family. He concluded (27, p. 480) that 
the inhibiting substances probably are amino compounds and that ‘‘in angiosperms, each species contains 
within each cell substances which are toxic to foreign pollen.’’ 

19 It would be difficult to explain pollen antagonism as observed in cotton on the basis of an ovarian secre- 
tion unless the selection between the two kinds of pollen becomes operative only after their tubes have 
entered the ovary. Otherwise it would be necessary to assume that a stimulus initiated by the tubes of 
the like pollen as they penetrate the stigmas is transmitted downward to the ovary, causing production of a 
secretion which, diffusing up through the style, acts unfavorably upon the development of the tubes of 
the unlike pollen. 

20 Paton (28) investigated the pollen of 18 species of plants and detected 10 different enzymes 5, of which, 
including pectinase, were present in all the pollens. Green (/2, p. 409) found that “‘ the style itself contains 
enzymes to assist in preparing the reserve materials for absorption by the pollen tube, while the latter ex- 
cretes the same ferments during its progress down the conducting tissue.’”” The same investigator also 
discovered that ‘‘when the pollen grain has lost the power of germinating, the quantity of diastase has 
materially decreased,’’ The complexity of the chemistry and physiology of pollen has been brought out 
in studies by Brink and by other investigators whose work he reviews (4, 5, 6, 7). 
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and diffusing into adjacent tissues of the mother plant, produces cer- 
tain alterations in the latter. Metaxenia, discovered in the date 
palm, has been found by one of the writers (17) to occur in cotton 
also.”! 

Pollen antagonism seems more analogous to anaphylactic than to 
hormone reactions in animal bodies. The action of the like pollen 
may be compared to that of an antigen, stimulating the production 
of antibodies in the tissue into which it is introduced. The analogy 
is far from perfect, because, in the case under consideration, the pollen 
presumably acting in the manner of an antigen is genetically like the 
body in which the reaction is supposed to take place, and the resulting 
“antibody” is supposed to attack the foreign pollen.” 

There is as yet little evidence of the occurrence in plants of sub- 
stances comparable to hormones and antibodies, but the extensive 
occurrence and great importance in the animal kingdom of hormone 
effects and of anaphylactic reactions makes it reasonable to suppose 
that analogous substances and reactions occur in the vegetable 
kingdom.” The discovery of such phenomena as metaxenia and 
pollen antagonism suggests that biochemical research in this field may 
prove fruitful. 

SUMMARY 


Emasculated flowers of Pima and of upland cotton, pollinated with 
approximately equal quantities of pollen of both types, have shown a 
marked degree of selective fertilization; the resulting populations have 
contained a much higher percentage of homozygous than of hetero- 
zygous plants. 

Application of either pollen separately showed that these cottons 
are highly compatible, as fertilization of the flowers of either Pima or 
upland cotton has been effected almost or quite as readily by the 
unlike as by the like pollen. 

So far as could be determined by observation and by tests in media 
not suitable for normal germination, there were no differences in the 
viability of the two pollens that could account for the selective action 
observed. 

No evidence was obtained of selective survival at any stage after 
formation of the zygote that would explain the preponderance of 
homozygous plants in the populations. Selective survival undoubt- 
edly occurred in some of the experiments, owing to infestation of the 
soil with nematodes, which are known to cause much greater mortality 
among the Pima plants than among the Pima X upland F, plants. 
In all such cases survival of the heterozygotes was favored, so this 


21 The presence of hormonelike substances in plants had been suggested previously by Haberlandt (/3, 
p. 41), who considered that the results of his experiments on cell division in wound tissues demonstrated 
the existence of what he terms ‘‘division hormones,’’ supposed to be secreted by cells of the leptome tissue, 
and ‘‘wound hormones,” secreted by the injured cells themselves. He did not ascertain the chemical 
nature of the assumed substances but suggested that they may be amines. 

2 Wells (34, p. 703) states that ‘‘as a general rule, the more closely related the animal furnishing the anti- 
bodies is to the one furnishing the antigen the less antigenic activity or antibody response will be obtained.” 
He adds, however, ‘‘Some proteins * * * may beso foreign to the blood stream and the active tissues 
of the body that they incite antibody formation when introduced into the blood stream of even the same 
animal from which they came.” 

23 Antibody production has been suggested as an explanation of immunity to diseases in resistant races 
of plants, but positive evidence apparently is lacking. Kostoff (26, p. 73) summarizes as follows the results 
of experiments in which various species of Solanaceae were grafted one on another: ““* * * mutual 
induction of antibodies in scion and in stock was found. The acquired immunity in such plants was 
tested by precipitin reactions. The induced antibodies were specific in certain species.”” Silberschmidt 
(82) criticizes certain details of the methods used by Kostoff and concludes that the results of his own exper- 
iments do not indicate the occurrence of ‘‘acquired”’ precipitins in plants to the extent that antibodies 
secur in animals. 


109285—32——3 











224 Journal of Agricultural Research Vol. 44, No.3 


factor tended to nullify rather than to accentuate the appearance of 
selective fertilization. 

Comparisons of the degrees of fertilization effected when the styles 
were excised at shorter and at longer intervals after pollination and of 
populations grown from seeds in the upper and in the lower half of 
the boll gave no consistent evidence of a differential rate of growth 
of the tubes of the like and of the unlike pollen. This factor, appar- 
ently responsible for selective fertilization as observed in Zea, Oeno- 
thera, and other plants, does not account for the situation met with 
in Gossypium. 

The only explanation that seems tenable is that the presence of 
the like pollen induces a reaction in the stigmatic tissues of such 
nature as to render them less suitable for the development of the 
unlike pollen. Apparently the effect is extremely local or else indi- 
vidual pollen grains differ greatly in their ability to withstand the 
unfavorable condition, since in all the experiments with pollen mix- 
tures some of the ovules were fertilized by the unlike pollen. 

Evidence of the localization of the reaction was afforded by an 
experiment in which the like and unlike pollens were (1) deposited 
separately on opposite sides of the same stigmas; (2) mixed, but not 
intimately, and applied to the whole surface of the stigma; and (3) 
mixed intimately and applied to the whole surface. The percentage 
of homozygous plants was least in the population from treatment 1 
and greatest in the population from treatment 3. 

Experiments in which the viability of the like pollen was destroyed 
by maceration before it was applied to the stigmas gave conflicting 
results, but the weight of the evidence favors the conclusion that the 
inhibiting effect upon the unlike pollen takes place only when the 
like pollen is intact and viable. Therefore, penetration of the stigmas 
by the tubes of the like pollen seems requisite to the setting up of 
the reaction. This supports the assumption that the inhibiting sub- 
stance is produced in the stigmatic or stylar tissue in response to a 
stimulus supplied by the tubes of the like pollen. 

If the hypothesis is well founded, the phenomenon observed in 
cotton is of a chemical or physiological nature. The term “pollen 
antagonism” is suggested in order to distinguish it from the selective 
fertilization observed in other plants and attributed to differential 
growth rate of the pollen tubes, conditioned by specific genes deter- 
mining the rates of growth. 

Little or no selective fertilization was observed between more nearly 
related forms, these being two families of Pima cotton differing only 
in a simple Mendelian character. The evidence is too scanty, how- 
ever, to warrant the conclusion that the degree of pollen antagonism 
in cotton is definitely related to the degree of consanguinity, as Jones 
found to be the case with selective fertilization in maize. 
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LIGHT INTENSITY IN RELATION TO PLANT GROWTH 
IN A VIRGIN NORWAY PINE FOREST! 


By Harpy L. Sarruey ? 


Associate Silviculturist, Lake States Forest Experiment Station, Forest Service, 
United States Department of Agriculture 


INTRODUCTION 


One of the vital problems confronting foresters in the United 
States is that of securing a vigorous stand of young trees to replace 
those removed in logging. Any cutting necessarily changes the 
conditions for plant growth in the forest. The forester is concerned 
with the type of cutting which will prove most favorable for the 
establishment and growth of a new stand. 

The virgin forest offers an ideal place to study the effects of various 
factors on forest reproduction, because in it can be found trees of 
various ages, openings of different sizes, and many densities of upper 
canopies; in addition, an ample seed supply is usually present. It 
should be possible, therefore, from a careful study of conditions in 
virgin stands, to gain much information on the requirements of the 
young growth and on what might be expected from various types of 
cutting. It was with this idea in mind that the writer undertook a 
study of light conditions and forest growth in a virgin Norway pine 
forest. 

The present study does not attempt to take into consideration all 
factors which affect plant growth, but rather to take measurements of 
a single factor and to see how these measurements may be correlated 
with the vegetation present. As shown by Adams (/),’ air tem- 
perature, soil temperature, soil moisture, relative humidity, and 
evaporation are all changed by thinning a forest stand. All of these 
factors, as well as light intensity, are more or less directly correlated 
with solar radiation. If, therefore, within any climatic and edaphic 
unit area a single factor is to be chosen for correlation with forest 
growth, light would seem to be the most promising. 

Forest trees, however, as shown by Toumey (1/6) and others, tend 
to deplete soil moisture more rapidly than less massive forms of 
vegetation. It should be borne in mind, therefore, that root com- 
petition for both moisture and nutrients is an important concomitant 
factor to be taken into account in determining the significance of the 
light data obtained in this study. In this connection, however, it 
may be mentioned that preliminary results in the Lake States indicate 
that an overstory tends to protect the undergrowth from severe 
drought injury. 


! Received for publication July 25, 1931; issued April, 1932. ‘‘Light,” in this paper, is used syn- 
onymously with solar radiation unless specifically qualified. 

? The writer wishes to acknowledge his indebtedness to Mary C. Shirley, who assisted him with the 
vegetation enumeration in the field and with the editing of the manuscript. 
5 Reference is made by number (italic) to Literature Cited, p. 244. 
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Common Name 
Red maple_-__--_--_- 
Paper birch 
Jack pine 


Northern white pine 
SE pe Ea ae 
Pin cherry 
Red Oak--_- eed 2 Sane 
Bur oak....... : : 


Alder__- Stuck 
Thicket shadblow or June berry 


Bearberry 
Inland Jersey-tea 
Bunchberry - - - --- - 

American hazelnut _ - 
Beaked hazelnut 
Dwarf bush-honeysuckle- 
Wintergreen 
American twinflower 


Appalachian cherry ----- 


Chokecherry --__-_------- nse 
aes Seaaelnets ‘ 
Red raspberry : se 


Pussytoes or everlasting 
Spreading dogbane 
Wild sarsaparilla 
Smooth aster-_---_-_- 
EE Ree 


clature (2) for other plants. 


Journal of Agricultural Research 


The common and scientific names of trees, shrubs, and herbs 
mentioned in this article are as follows:* 


Willow___-- ‘ >. 


Lowbush blueberry _- axe Vaccinium angustifolium Air. (syn. V. 
pennsylvanicum Lam.). 
HERBS 
PTERIODOPHYTES 
Te eee, Lycopodium complanatum L. 
Pic. ch otreate wee nee anaes Pteridium aquilinum (L.) Kuhn, syn. 
Pteris aquilina L. 
MONOCOTYLEDONS 
RR it aes wae ation Saaeee Carex sp. 
| ES Re Sees ee eee Clintonia borealis (Ait.) Raf. 
es Aces Cee ne Gramineae sp. 
OS ea eae ea ..... Unifolium canadense (Desf.) Greene, 


_.... Aster macrophyllus L. 


4 Nomenclature follows Sudworth (15) for trees and American Joint Committee on Horticultural Nomen- 
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TREES 

Scientific Name 
Acer rubrum L. 
Betula papyrifera Marsh. 
Pinus banksiana Lamb. 
Pinus resinosa Soland. 
Pinus strobus 
Populus tremuloides Michx. 
Prunus pennsylvanica L. f. 
_... Quercus borealis Michx. f. 
Quercus macrocarpa Michx. 


SHRUBS 


2 Alnus rugosa (Du Roi) Spreng and A, 
incana (L.) Moench. 

Amelanchier oblongifolia (Torr. and Gray) 
Roem. 

Arctostaphylos uva-ursi (L.) Spreng. 

_... Ceanothus ovatus Desf. 

Cornus canadensis L. 

Corylus americana Walt. 

Corylus rostrata Ait. 

Diervilla lonicera Mill. 

Gaultheria procumbens L. 

Linnaea borealis L., 
(Forbes) Rehder. 
Prunus susquehanae 
cuneata Raf.). 
Prunus virginiana L. 

... Rosa sp. 
= Rubus idaeus L., var. aculeatissimus 
(C. A. Mey.) Reg. and Til. 
Saliz spp. 


var. americana 


Willd. P, 


(syn. 


syn. Maianthemum canadense Desf. 
DICOTYLEDONS 


..-- Anemone quinquefolia L. 
Antennaria sp. 

Apocynum androsaemifolium L. 
Aralia nudicaulis L. 


Aster laevis L. 
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Common Name Scientific Name 


ae en eee ¥ . Aster sp. incerf. 

CY Aa eee bee - ; Aster tardiflorus L 

ES SE ee eee ee _.... Campanula rotundifolia L. 

Common pipsissewa____-_..._....._. Chimaphila umbellata (L.) Nutt. 

Bastard toadflax__.......-_-- Comandra pallida A. DC. 

Erect bindweed _- -- - ~~ ---- Convolvulus spithamaeus L. 

Trailing-arbutus - - - - ..-------- Epigaea repens L. 

Fireweed - --- - - -- : ...------ Chamaenerion angustifolium (L.) Scop., 

syn. Epilobium angustifolium L. 

Virginia strawberry ---__- ....-.-- Fragaria virginiana Duchesne. 
Northern bedstraw_ -----_-- ._.. Galium boreale L. 

Cream pea vine----- ha _._.. Lathyrus ochroleucus Hook. 
Puccoon- - - . ._ Lithospermum canescens (Michx.) Lehm. 
Narrowleaf cowwheat __ : Melampyrum lineare Lam. 

Fringed polygala__ _.. Polygala paucifolia Willd. 
Rattlesnake-root ae ._.. Prenanthes alba L. 

Sidebells pyrola Pyrola secunda L, 

Roundleaf pyrola or shinleaf . Pyrola americana Sweet. 

Dwarf dewberry - - -_--_----- _.. Rubus triflorus Richards. 
Goldenrod ___- ~--«=--=~ Solidago ap. 

American ge rmander _. Teucrium canadense L. 

Early meadowrue - __-- ; __._. Thalictrum dioicum L. 

American starflower _-_-_ -- _... Trientalis americana (Pers.) Pursh. 

eee a ll 

es - _......-.-- Viola conspersa Reichenb. 


RELATED INVESTIGATIONS 


Studies on the growth of plants exposed to different intensities of 
light indicate that growth is almost directly proportional to the amount 
of light available up to values of about 700 foot-candles of artificial 
light or about 50 per cent of full sunlight in latitudes of the northern 
United States. Intensities higher than 50 per cent sometimes cause 
a decrease in growth, especially in plants whose natural habitat is in 
the shade (12). Shantz (11), working in Louisiana, found that sev- 
eral plants produced maximum growth with 15 per cent of full sun- 
light, while others required 50 per cent or more. Zillich (17), in Ger- 
many, found that several weeds produced best growth in 33 per cent 
light; cultivated plants, on the other hand, produced maximum dry 
weight in 100 per cent light and showed a marked decrease when 
shaded. Many others have studied the influence of shading on plant 
growth and similarly reached the conclusion that slight shading is 
sometimes beneficial, whereas heavy shading invariably causes a de- 
crease in growth. The amount of shading required to obtain the best 
growth varies with the latitude and climatic conditions of the station 
in question. 

The effect of shade in natural forest stands has also been studied, 
but the results are somewhat less consistent. Moore (8) established a 
series of seed spots in dense shade and in small openings in four forest 
types of Mount Desert Island, Me. He sowed Norway and northern 
white pines and white and red spruce seed in prepared spots. Sur- 
vival was poor for all species in the shade, except in the northern 
hardwood type. Growth and vigor of the seedlings were in every case 
markedly better in the small openings 

Pearson (9, 10) studied the growth and survival of western yellow 
pine in the southwestern United States, with particular reference to 
the influence of light. He found that after a good seed year, seedlings 
would come up even more abundantly on the bare areas under the 
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clumps of trees than in the openings. Practically all of those in dense 
shade died, however, or became unthrifty within four or five years. 
Even on the north side of tree groups survival was poor and annual 
height growth was only 0.4 inch to 3 inches, as against 3 to 6 inches 
for “seedlings of the same age in adjacent openings. 

Gast (5), during an entire growing season, measured the total radi- 
ation received at three different stations where cuttings had recently 
been made. These measurements were correlated with the growth of 
the leaders of white pine saplings. He found the leader growth to be 
apparently directly proportional to the radiation, up to the intensity 
of full sunlight. The average leader growth of white pine trees 11 
years old under a canopy transmitting 27 per cent light was only 2 
inches per year and showed little increase with increasing age of the 
trees. He believes this to represent about the minimum radiation 
intensity for growth of white pine. Since Gast’s measurements of 
sunlight were made by a continuously recording mechanism operating 
throughout the summer, his percentage values are higher than those 
of most workers who make readings only on bright days. 

Holch (7) grew bur oak, red oak, hickory, linden, and walnut on 
three forest sites—the prairie, a bur oak forest, and a linden forest. 
The light values averaged 10.4 per cent for the oak and 3.5 per cent 
for the linden station on the basis of the prairie station as 100 per cent. 
The growth of both roots and shoots was greatest for all species in 
the prairie and least in the linden forest, where most of the plants 
died before the end of the third season. Photosynthesis was very 
rapid in all species at the prairie station, was weak at the bur oak 
station, and very weak at the linden station. Evaporation, tran- 
spiration, and soil and air temperatures decreased with decreasing 
light, and soil moisture increased. Soil moisture was, however, suffi- 
cient in all three sites. Under the conditions of Holch’s experiment, 
survival, growth, and photosynthesis were directly torrelated with 
light and inversely correlated with available water content of the soil. 

Grasovsky (6) placed northern white pine, Norway pine, hemlock, 
red oak, and chestnut oak seedlings in boxes with a window in one end. 
At the end of 10 months those so far removed from the window that 
they received no more than 300 foot-candles of illumination during 
the entire period were still alive and apparently in vigorous condition. 
No measurements of dry weight were made to determine whether the 
plants had actually grown. Grasovsky states that only a moderate 
increase over the minimum light-intensity requirement for survival 
was necessary to maintain growth and that thereafter the effect of 
added light on growth was not at all proportional to the intensity. 
Measurements of the light intensity under white pine canopies showed 
it to be in all cases in excess of the minimum light requirements of 
the plants tested. He concludes that the intensity of light reaching 
the forest floor is not the limiting factor in accounting for the presence 
or absence of forest reproduction in the fully stocked stands where the 
investigation was conducted. His ie Barat are somewhat at 
variance with those cited above. The investigations, however, were 
carried out under conditions sufficiently different to account for any 
discrepancies in results. 

Atkins and Poole (3) studied the correlation between light inten- 
sities and plant distribution in an old garden. In the deepest shade 
they found only straggling branches of English ivy which tended to 
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give way to enchanter’s nightshade when the light increased some 
sixfold. Various other plants were associated with the higher light 
values. There seemed to be a very definite tendency for the vegeta- 
tion to change with changing light conditions. 

Atkins and Stanbury (4) made a study of illumination and plant 
distribution in spruce, larch, oak, and holm oak woods. Under the 
shade of a dense spruce stand (Picea excelsa) light values were about 
1 to 2 per cent, and only ivy and wood sorrel seemed able to survive. 
Increasing light up to about 9 per cent allowed Rubus, ash, hazelnut, 
and sycamore maple to come in. Larch and oak stands had about 
10 to 15 per cent light and supported a good woodland flora. Holm 
oak reduced the light to 1 to 3 per cent. Under this only ivy seemed 
able to thrive. 

Stallard (14) describes secondary successions in northern Minne- 
sota forests. His paper contains a description of the undervegetation 
in Norway pine forests and the successional changes brought about 
by increasing shade. He gives curves showing the annual height 
growth of Norway, northern white, and jack pines from 1 to 28 years 
of age, growing in the shade and in the open. The curves for jack 

ine show rapid falling off in growth with shading, particularly under 

Norway pine canopies. Norway pine seedlings, on the other hand, 
appear able to grow at a reasonable rate when shaded by jack pine 
but not so rapidly as in the open. Northern white pine on heavy 
soils showed almost as rapid height growth in the shade of hazel, 
aspen, and birch (10 to 30 per cent light) as in the open. Stallard 
considers that Norway and white pines form the mature stage in the 
succession in coniferous forests of Minnesota. 


THE STAND 


This study was carried out on the Chippewa National Forest 
located in the north-central part of Minnesota. Along the shores of 
Cass Lake and Pike Bay are 10 sections of Norway pine forests which 
have been undisturbed by logging operations, except to remove dead 
and dying trees at 5-year intervals. All this area has been subject 
to fires at various times during the past. However, most of the fires 
have been comparatively light, since none of them killed many of 
the large trees. The trees average more than 200 years in age and 
are fine, tall specimens, typical of the virgin Norway pine stands of 
the Lake States. (Fig. 1.) The trees average about 90 feet in height 
and in many places stand as dense as their crowns will permit. Nu- 
merous openings up to 300 or more feet in diameter can be found in 
the forest. They were perhaps caused by fire, wind, or other destruc- 
tive agencies. The undergrowth is composed mostly of woody shrubs, 
among which bearberry and blueberry are dominant. Many of the 
openings are growing up to vigorous stands of young Norway pine 
and others to hazelnut, oak, and paper birch. The lower vegetation 
throughout is fairly luxuriant and is indicative of the presence of 
ample moisture and light for satisfactory plant growth. Scattered 
through the Norway pines are occasional white pines, usually larger 
and overtopping the Norways. Under the old white pines there can 
almost invariably be found numerous white pine seedlings. Where 
Norway and white pine seedlings have an equal chance for establish- 
ment white pine seems to be more abundant. Jack pine seed trees 











232 Journal of Agricultural Research Vol. 44, No.3 


are less common than white pine and are usually found in groups in 
the larger openings or in more or less pure stands along the periphery 
of the old Norway pine. Where jack pine seed is available the seed- 
lings are usually present and grow quite rapidly. 

Wherever pine reproduction has become sufficiently well estab- 
lished to exclude most of the other vegetation it is entirely too dense 
for good growth. On practically all the plots examined the young 
pines were too crowded to make rapid growth or they were suffering 
from competition with other plants. Apparently not until the young 
saplings have attained a height of 10 to 20 feet is there sufficient 
expression of dominance for the leaders to make rapid growth. 
On only two of the plots included in this study had the stand reached 
this stage, and on each of them the dominant trees showed recent 








F24918i 


FiGuRE 1,—T ypical virgin Norway pine stand, with young Norway reproduction in the openings. 
These saplings are about 18 years old and 4 to 5 feet high 


annual height increments of 1 foot and more. The average height 
growth for trees less than 6 feet high in crowded stands is about 0.3 foot. 

The soil is of fluvioglacial origin. It is classed as fine sand and is 
weakly podsolized. The humus layer is usually less than 2 inches 
thick and tends to decompose rather rapidly. The gray leached layer 
is usually 6 to 8 inches thick, and the brown layer generally extends to 
a depth of 2 or more feet. During the dry period in the summer of 
1930 practically all the available moisture was withdrawn to a depth 
of 2 feet. Below this depth the soil was in most places quite moist. 
Most of the plots examined lay less than 20 feet above the lake level. 

A good crop of cones was produced by the old trees in the fall of 
1930, and there is every reason to suppose that ample seed has been 
produced at intervals of from three to seven years during the past 
century.. Absence of forest reproduction on any particular spot can, 
therefore, scarcely be attributed to lack of available seed in the past. 
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METHODS 


All field work was carried out doing the summer of 1930. Fifty 
plots, approximately one-tenth acre in size, were laid out in groups 
of three to five and chosen to show differences in forest reproduction. 
A typical group would contain one plot without forest reproduction, 
one plot in which the forest reproduction was present but was making 
very poor growth, one plot in which the forest reproduction was 
making rapid growth, and perhaps one plot occupied by aggressive 
brush species. A temporary stake marked the center of each plot. 
The soil was examined to a depth of 8 inches. General notes were 
taken on the character of the stand, the date of the last fire, and the 
general character of the undergrowth. 

Two quadrats, 0.001 acre each, were laid out at equal distances 
on opposite sides of the center stake. On these quadrats all conif- 
erous reproduction was counted and the average age and height 
determined. The mean annual height growth of the conifers was 
found by dividing the average height by the average age. 

All species of plants growing on each plot were listed and their 
relative abundance estimated in three classes: Class 1, less than one- 
twentieth of the area occupied; class 2, one-twentieth to one-fifth of 
area occupied; and class 3, more than one-fifth of area occupied. 


LIGHT MEASUREMENTS 


Measurements of total and diffuse radiation on cloudless days were 
made with a thermopile (13) at 10 points uniformly distributed over 
the area of each plot. The measurements were converted to per- 
centages of the radiation intensities in the open and averaged for 
the entire plot. It was originally intended to use the readings of 
diffuse light as a basis for correlation, but it was found that a very 
considerable amount of direct sunlight is reflected from leaves, 
hence measurements of diffuse light included not only the sky light 
which penetrated the canopy but in addition a large amount of re- 
flected sunlight. It was also found that measurements of diffuse 
light were only roughly correlated with measurements of total sun- 
light. Over a range of from 30 to 100 per cent of total sunlight, 
diffuse light changed from only 52 to 66 per cent. 

It was felt, therefore, that the measurements of diffuse radiation 
made did not give an accurate evaluation of the light available to 
the undervegetation. 

Measurements of total radiation, on the other hand, show such 
great variability that it is difficult to get a reliable estimate of the 
light available on a given area. The standard deviations for 10 
readings ranged from 1 to 14 per cent. 


TaBLE 1.—Standard deviations of light measurements by 10 per cent intensity classes 


iT 

Standard || F 

Plots | deviation Intensity class 
of mean || 


| 
| Mean 
value 


Standard 
deviation 
of mean 


Mean Plots 


Intensity class value 


| Per cent |Number Per cent Number 
| 4.0 i 56.0 8 





0-9 per cent. -__._...-- 5 1.1 || 50-59 per cent........ 4.3 
10-19 per cent. ._..--- 17.0 | 4.0 || 60-69 per cent.._..... 63. 5 6 4.9 
20-29 per cent......-- 25. 0 ss) 2.8 || 70-79 per cent........ 75.0 2 8.7 
30-39 per cent_._..__. | 36. 0 5 4.6 || 80-89 per cent. ...-_.- 89.7 1 9.0 
40-49 per cent......-- | 44.0 5 6.1 1.0 


90-100 per cent......- 92.0 2 
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The plots were grouped in 10 per cent light-intensity classes, de- 
pending upon the mean light values for each plot. Standard devia- 
tions were again calculated for each group of plots. These are given 
in Table 1. The points shown on the curves in Figures 2, 3, and 4 
may therefore be considered to be in error as much as 5 per cent 
either way in light measurements. This is probably considerably 
-~ than the error in sampling the vegetation and coniferous repro- 
duction. 
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FIGURE 2.—Correlation between light intensity and abundance of Norway, white, and jack pines 
ANALYSIS OF MATERIAL 


Height measurements and number of trees per mil-acre (one- 
thousandth acre) were averaged for each plot. These were then 
plotted against light intensity and averaged by 10 per cent classes. 
(Figs. 2, 3, and 4.) Plots showing evidence of fire since 1918 were 
not included in determinations the results of which are shown in 
these figures. The number of trees per mil-acre in any class is obtained 
by averaging the number per mil-acre found on each plot in the class. 
The number of plots occurring in each class is shown by a numeral on 
the graph. The mean annual height growth is likewise averaged by 
light-intensity classes. In this case, however, plots having no conif- 
erous reproduction were not used in finding the average point. The 
weight on a point shows the number of plots used in determining its 
position. The abundance of a plant in any 10 per cent light class is 
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arbitrarily represented by averaging its class numerals 1, 2, and 3 for 
all plots in their light class. Plots on which a given plant did not 
occur were not used in determining the abundance for the class. 
Frequencies were determined by dividing the number of plots on 
which a given plant occurred in an intensity class by the number of 
plots in the class. Abundance and frequency curves are shown in 
Figures 5, 6, and 7, with numerals showing the number of plots used 
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FIGURE 3.—Correlation between light intensity and the mean annual height growth of young 


Norway, white, and jack pines growing in a virgin Norway stand. Numerals indicate number 
of plots in each class 


in determining a point. The weight on the abundance point divided 
by the weight on the corresponding frequency point gives the fre- 
quency. Only plants occurring on at least 10 plots are used in these 
figures. 

P LIGHT AND NATURAL REPRODUCTION 


The number of trees per mil-acre is plotted against light in Figure 2. 
The poor showing of jack pine may be the result in part of insufficient 
light, but undoubtedly the chief reason for its sparsity is lack of seed 
trees. The comparatively small number of white pines established 
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is also due to lack of seed. The curve for Norway pine, on the other 
hand, well illustrates the correlation between light and establish- 
ment. None of the three species mentioned was able to become estab- 
lished where less than 5 per cent light was available. At 17 per cent 
light, establishment was fair—the equivalent of 3,000 trees per acre, 
which is about the minimum number for satisfactory natural repro- 
duction. Any light value higher than 35 per cent seemed to be 
excellent for the establishment of Norway pine seedlings, as all plots 
averaged more than 6,000 trees per acre. 

If Norway pine seedlings are not present on areas receiving 35 per 
cent light or more, no method of cutting the old stand is likely to better 
matters, since factors other than light are operative in keeping the 
pine out. The lowest average light intensity on any plot shaded only 
by old Norway pine was 17 percent. This plot had the equivalent of 
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CONIFEROUS REPRODUCTION UNDER VIRGIN NORWAY PINE 


FIGURE 4.—( Sorrelation between light intensity and mean annual height growth of stands of young 
Norway, white, and jack pines. Numerals indicate number of plots in each class 


3,500 pine seedlings per acre. It seems, therefore, that virgin Norway 
pine stands are not likely to be so dense as completely to exclude 
coniferous reproduction. 

Although the shade cast by the old Norway pines themselves may 
never be too dense for the establishment of reproduction, that cast by 
an understory of hazelnut, birch, alder, and other shrubs may quite 
effectively exclude pine seedlings. Fifty-five measurements taken of 
light beneath brush canopies gave values ranging from 0.7 to 15.8 
per cent, with a mean of 4.4 per cent and a median of 3.5 per cent. 
Only rarely are pine seedlings able to grow through an understory of 
such density. In practically every case where the brush formed a 
continuous canopy, pine reproduction was either absent or in very 
poor condition. The whole study points to the importance of the 
undergrowth in determining coniferous establishment in virgin stands. 
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The minimum light value in which Norway and white pines can 
exist seems to be between 1 and 5 per cent. 
ments of light beneath dense Norway pine reproduction gave values 
ranging from 0.9 to 8.2 per cent with a mean of 3.4 per cent and a 


Twenty-one measure- 


nt. No young seedlings were actually growing 
ies prevailed, yet the saplings themselves were 
it to that value. If it is assumed that green pine 
st long in light values too low to supply energy 


for their own photosynthetic needs, then the minimum light require- 
ments for survival would be approximately equal to the intensity 
prevailing beneath the very dense stands. 


This value is, however, 
minimum requirement for survival where other 
, and would be, therefore, much lower than the 


value required for establishment and growth of pines in the forest. 


LIGHT AND HEIGHT GROWTH 


an annual height growth for Norway, white, and 
with light intensity as abscissas. Both white 
ere usually sparse in the understory; hence the 
‘egularities. Norway pine, on the other hand, 
It can be seen that up to about 63 per 
point Norway pine showed a maximum, the 
Jack pine 
75 per cent and white pine at 36 per cent. The 


ability of a species to attain maximum height growth at low light 


The 


ered as a measure of its relative tolerance. 


relative tolerance of the three species, as determined by this method, 
is, in decreasing order 
is the order of tolerance commonly accepted in this region. 

At this point it is well to consider the actual maximum values. 


*, white pine, Norway pine, and jack pine. This 


maximum mean annual growth of 0.33 foot or 4 
of 0.25 foot or 3 inches; and jack pine of 1.05 
They 
maximum possibilities of the species, but rather 
1 growth attained in crowded stands beneath an 
plot, located in the center of an opening about 
, is covered with a dense stand of Norway and 
1ately 26 years old and 20 to 30 feet in height. 


White pine has grown more rapidly than Norway pine and appar- 
ently will soon almost completely occupy the area. 
mal height growth, therefore, for Norway and white pines is much 
greater than 3 to 4 i 


The true maxi- 


iches a year and seems to occur in full sunlight 
This is indicated by the last point on the curves 


an annual height growth of Norway, white, and 
1 for the actual number of trees of each species on 
at. This gives a better picture of the actual 


growth of the stands of young reproduction, since the species which 
had gained ascendancy on a given plot seemed to be related to chance 
as well as to light values. 


A straight line is drawn on the chart to 
growth is proportional to the light intensity. 
per cent light appears to be necessary for reason- 
In light values below 20 per cent growth is too 
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slow to insure thrifty development of the young stand. In fact, 
trees showing only one-half inch yearly growth are generally extremely 
unhealthy or actually dying. 


LIGHT AND THE GROUND COVER 


The frequency and abundance of other plants are plotted against 
light intensity in Figures 5, 6, and 7. The curves given are based on 
estimates rather than accurate counts; hence only general trends are 
considered significant. In studying these curves, particularly the fre- 
quency, attention must be paid to the weights of the points, as any 
point with a weight of 1 can have only frequencies of 0 or 100 per cent 
and one with a weight of 2 may have in addition only 50 per cent. 


TABLE 2.—Classification of ground cover as to abundance under different light 
intensities 


Cover abundant at high | Cover abundant at in- 
intensities termediate intensities 


Cover abundant at 


Cover never abundant low intensities 


Paper birch. Jack pine. Bunchberry. 


Red maple. 
Bur oak. 


Norway pine. 
Inland Jersey-tea. 


White pine. 
| Alder. 


American hazelnut. 


American twinflower. 
Groundcedar. 








Red oek. Bearberry. Beaked hazelnut. Bluebead. 
Aspen Bracken. | Dwarf bush-honeysuckle. American germander. 
Thicket shadblow or June | Sedge. Rose. 

berry. Grass. Wintergreen. 


Mayflower. 

American wood anemone, 
Pusstyoes or everlasting. 
Aster. 

Smooth aster. 

Virginia strawberry. 
Goldenrod. 

Fireweed. 


Pin cherry. 

Appalachian cherry. 
Chokecherry. 

Willow. 

Red raspberry. 

Spreading dogbane. 

Late aster. 

Harebell. 

Common pipsissewa. 
Cream pea vine. 

Puccoon. 

Fringed polygala. 
Rattlesnake-root. 
Roundleaf pyrola or shinleaf. 
Sidebells pyrola. 

Early meadowrue. 

Cow vetch. | 
Violet. 
Erect bindweed. } 
Bastard toadflax. 
American starflower. 
Narrowleaf cowwheat. 


Lowbush blueberry. 
Wild sarsaparilla. 
Bigleaf aster. 
Trailing-arbutus. 
Northern bedstraw. 
Dwarf dewberry. 


TABLE 3.—Classification of ground cover by tendency to high frequency of occurrence 
under different light 


Greatest at low in- 
tensities 


Greatest at intermediate | 


Greatest at high in- ite 
iti intensities 


Indefinite tensities 


Pin cherry. Paper birch. Red maple. White pine. 


Red oak. Jack pine. Aspen. Bur oak. 
Dwarf bush-honeysuckle. Norway pine. Inland Jersey-tea. Bunchberry. 
Wintergreen. Alder Rose. | Beaked hazelnut. 


Thicket shadblow 
June berry. 


Appalachian cherry. 
Red raspberry. 


American twinflower. 
Chokecherry. 


or | Spreading dogbane, 


Late aster. 


Willow. Bearberry. Common pipsissewa. | Groundcedar. 
Lowbush blueberry. American hazelnut. Bastard toadflax. | Bluebead. 
Grass. Sedge. Erect bindweed. Wild sarsaparilla. 


Mayflower. 

Bracken. 

American wood anemone. 
Cream pea vine. 

Puccoon. 

Roundleaf pyrola or shinleaf. 


Bigleaf aster. 
Northern bedstraw. 
American germander. 
Early meadowrue. 
| Cow vetch. 

Dwarf dewberry. 


Narrowleaf cowwheat. 
Fringed polygale. 
Rattlesnake-root. 
Sidebells pyrola. 
American starflower. 


Pussytoes or everlasting. 
| Smooth aster. 

Aster. 

Harebell. 
| Trailing-arbutus. 

Fireweed. 

Virginia strawberry. 

Goldenrod. | 
jolet. 
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An examination of the curves in Figures 5, 6, and 7 shows that 
several species exhibit the same general tendencies in their response 
to light. In Table 2 they are separated into four groups—those never 
abundant, those most abundant at high light intensities or tending to 
become more abundant with increasing light, those most abundant at 
intermediate light intensities, and those most abundant at low light 
intensities. This table shows also that the number of species in each 
group decreases with decreasing light intensities. 

The frequency of plants in a given light intensity class is perhaps 
more subject to chance variation than the abundance; hence, the 
frequency curves show more irregularities. Some curves are too 
irregular to show any definite trend. In Table 3 the plants are 
grouped according to their tendencies to be most frequent at high, 
intermediate, or low light values. 

Examination of Tables 2 and 3 will show that certain species appear 
to be misplaced. Aspen, beaked hazelnut, and bur oak are ordinarily 
considered intolerant and are usually found growing best on moderately 
heavy soils. When these plants occur in Norway pine forests they 
appear to do better in the shade. This condition would probably 
be reversed on a better soil. 


COMPETITORS OF CONIFERS 


The most serious competitors of young conifers starting under the 
old Norway pine stand are beaked and American hazelnut, inland 
Jersey-tea, bracken, grass, sedge, lowbush blueberry, and bearberry. 
Of these, hazelnut and lowbush blueberry seem to thrive best in light 
shade, but the others increase in abundance and in vigor with in- 
creasing light. As Norway pine does very poorly in less than 35 per 
cent light, it would seem best to maintain intensities of about 35 to 
50 per cent light (which corresponds to a crown density of about one- 
half to two-thirds in virgin stands) until the Norway pine is sufficiently 
well started to be out of danger from competition by grass, sedge, 
bearberry, and blueberry, then to increase the light value by degrees 
up to 100 per cent. Of course, regulation of crown density alone will 
not free Norway pine from competing vegetation, but, by maintain- 
ing a crown density which is more favorable for Norway pine than for 
some of its active competitors, the pine should have a better chance 
to gain ascendency. 


RELATION OF LIGHT STUDIES TO SILVICULTURE 


The results of this study indicate that both the establishment and 
growth of young pines in a virgin Norway pine stand are definitely 
correlated with light intensity. Individual plots show considerable 
deviation from the general average, but these deviations are due in 
large part to inaccuracies in sampling the light intensity, inaccuracies 
in sampling the coniferous reproduction, and certain extraneous 
factors, chief of which is the competition of other vegetation. The 
study also indicates that light as a growth factor operates in the 
same way in the forest as in carefully controlled experiments with 
artificial conditions. The full effect of added light is, however, not 
always utilized in the forest because other growth factors may not 
be favorable. 
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Virgin Norway pine stands 200 years old or older are not likely to 
be so dense that Norway seedlings can not grow underneath the old 
trees. If, on the other hand, alder, hazelnut, birch, and other plants 
become established in the openings in a virgin stand, they may quite 
effectively exclude all conifers. Removing the remaining old trees 
from over the underbrush is not likely to result in conifers becoming 
established unless the brush cover is broken up by logging operations. 
In marking trees for cutting at the end of a forest rotation, attention 
should be paid to the undergrowth as well as the mature trees, as a 
stand of shrubs and aggressive herbs may rapidly take over the area 
before conifers can be established. On areas devoid of reproduction 
and having 35 per cent or more light, some other treatment than 
cutting the old stand should be given to bring in the desired stand of 
young trees. 

The gradual enlargement of small openings in which reproduction 
is already established would seem to be the ideal method not only for 
getting a good establishment of reproduction in an old stand but also 
for providing best conditions for its subsequent survival and growth. 
Such a method, which is essentially the group selection system, also 
tends to discourage the active competitors of conifers which seem no 
more able to thrive beneath a dense canopy of young pine than the 
pine is able to thrive beneath dense underbrush. 

These recommendations as to proper silvicultural treatment are 
at present offered chiefly as suggestions, since their application to 
areas outside the stand actually investigated has not been 
demonstrated. 

SUMMARY AND CONCLUSIONS 


In a virgin Norway pine stand studied in relation to light and to 
other vegetation, approximately 35 per cent light, or a crown density 
of about two-thirds, seems to offer satisfactory conditions for the 
establishment of Norway pine seedlings. Light values below 17 per 
cent result in uncertain establishment. The number of trees per 
acre seems to continue to increase with the light up to the intensity 
of full daylight. 

The height growth of Norway pine increased with increasing light 
up to 63 per cent. White pine showed a maximum growth at about 
36 per cent light, and jack pine at 75 per cent. These maxima are 
believed to be apparent maxima applying only to the conditions in 
the stand studied. The fact that white pine attains maximum height 
at lower values than Norway pine, and Norway pine at lower values 
than jack pine indicates that white pine is the most tolerant of shade 
and jack pine least. This is in agreement with current opinions 
based upon other methods of study. 

When the growth of the stand is considered instead of the growth 
of individual species, there is a more definite correlation between 
the light intensity and height growth, which tends to approach a 
linear relationship. 

The light intensities commonly prevailing in virgin stands of 
Norway pine are not likely to be too low for the establishment of 
reproduction. On the other hand, understories of hazelnut and 
other shrubs, which reduce the light to less than 5 per cent, quite 
effectively exclude coniferous seedlings. 
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In virgin Norway pine forests, the presence of an understory of 
shrubs is just as important in determining the establishment of pine 
seedlings as the density of the old stand. 

The group selection cutting system most nearly duplicates the 
conditions in a virgin stand which appear most satisfactory for the 
establishment and growth of the young trees. 
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GROWTH RECORD OF FERTILIZED APPLE TREES GROWN 
IN METAL CYLINDERS! 


By R. D. Antuony, Professor of Pomology, and W. S. Cuarke, Jr., Assistant in 
Pomology, Pennsylvania Agricultural Experiment Station 


INTRODUCTION 


In 1908 the Pennsylvania Agricultural Experiment Station began a 
series of fertilizer experiments in commercial apple orchards in several 
sections of the State. The results (7, 8, 9)? were so variable that in 
many of the orchards it was difficult to find significant differences 
between contrasted treatments. Studies of these orchards and of 
the resulting data indicated that four factors were chiefly responsible 
for the variability of the results: Initial differences in soil fertility; 
differences in methods of management, especially the use of sod as 
compared with tillage; slope, which not only created initial fertility 
differences, but continued to accentuate them during the continua- 
tion of the experiment; and genetic differences affecting the vigor of 
the seedling roots. 


METHODS OF EXPERIMENTATION 


In 1918 it was decided to begin at State College a fertilizer experi- 
ment in which as many as possible of these variables would be elimi- 
nated or considerably reduced in effect through the use of metal 
cylinders to confine the roots in uniform soil. At the time this experi- 
ment was being planned, the Delaware Agricultural Experiment 
Station was eiawing peach trees in large concrete pits and the Florida 
station (3) hdd citrus trees growing in eight galvanized-iron tanks, 
5 feet 3 inches by 4 feet; but, as far as the authors know, no success- 
ful attempt had been made to grow apple trees to maturity in this 
manner. While this experiment was under way, a number of experi- 
menters successfully used dwarf apple trees in pots in fertilizer studies. 
The recent work of Davis is an example (4). 

To secure greater uniformity of root growth it seemed desirable to 
use vegetatively propagated roots of a single clon. Through the 
cooperation of R. G. Hatton, of the East Malling Research Station, 
Kent, England, the requisite number of Malling Type 12 apple roots 
were forwarded in January, 1920. Unfortunately, this shipment was 
lost in transit. The following year Professor Hatton sent a second 
shipment of the same stock, but was obliged to include stock of two 
ages—some that had been removed from the mound layer and grown 
one year in the nursery row and some that had just been separated 
from the mounds. 

These roots were planted in a nursery at State College in the spring 
of 1921. Ten days later the older stocks were cut off and whip 
grafted with scions from a 10-year-old Stayman Winesap tree in the 


1 Received for publication July 28, 1931; issued April, 1932. Technical Paper No. 537 of the Pennsyl- 
vania Agricultural Experiment Station. 
3 Reference is made by number (italic) to Literature Cited, p. 265. 
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college orchard, which, in turn, had been propagated from a tree 
used in one of the fertilizer experiments begun in 1908. In the sum- 
mer of 1921 the remaining stocks were budded from the same tree. 

In the meantime, 42 cylinders, or ‘‘rims,”’ of %-inch boiler plate 5 
feet across and 535 feet deep had been secured. These were sunk 
in the ground to within 6 inches of the top at the corners of 20-foot 
squares, making 6 rows of 7 cylinders each. The area of each rim was 
approximately one twenty-two-hundredths of an acre. Each rim 
held about 5 tons of soil. The bottoms of the cylinders were not 
closed, but were set on several inches of coarse crushed limestone. 
The first 3 or 4 inches of the filling were of this material. It was 
expected that this layer of stone would prevent the downward move- 
ment of the tree roots, but this proved not to be the case. 

The soil used to fill these cylinders was taken from an area on the 
college farm that, as far as could be determined, had received little 
or no fertilizer. The soil was dug in three layers, the first, 9% inches 
deep; the second, 945 to 18% inches; and the third, from 18% to 60 
inches. Each layer was thoroughly mixed and placed in the rims in 
its original order. Water was run in when the soil was placed in the 
rims to assist in compacting it. This work extended through the fall 
of 1919 and the spring of 1920. 

The soil used is classified as a Hagerstown silty clay loam. It 
has been formed in place by the weathering of the limestone of the 
lower Silurian formations. As the rims were filled, samples were 
taken for chemical and mineralogical analyses. The results of these 
examinations have been presented by Thomas (10). The soil is rich 
in a wide range of the rarer elements. Phosphorus is low, the analysis 
showing only about 0.1 per cent P,O;, while potassium is high, with 
K,O averaging over 4 per cent. 

Because of the loss of the first shipment of stocks, trees were not 
available for planting in the rims until the spring of 1922. In the 
meantime, crops were grown in the rims and worked into the soil to 
improve its fertility. 


PLANTING AND EARLY CARE OF TREES 


The first planting was made in May, 1922. The four inner rows 
of seven rims each were filled with the older stocks which had been 
whip grafted the previous spring. On April 19, 1923, the two outer 
rows were planted with the stocks that had been budded. Table 1 
shows the weights of these trees at planting and their location, 


TABLE 1.—Weights of trees at time of planting 





Row Weight (grams) of trees in row indicated 
vs; i: BT Cc B Aa 
No. 1.... acai 375 | 130 | 130 120 135 385 
ane : sephagciadie glen 370 | 140 | 115 115 135 350 
OT ieecincesy ssihsilaieinie an leaaigiadhedion 350 150 110 110 175 345 
i telicieth a <alin hank olndsbaiicldidli Siascenenar dics : 340 180 100 100 180 335 
ESE EE BEE 325 180 90 > 430 195 315 
ee soudiaaaaa 315 210 85 85 195 310 
| eS Tae 290 215 75 75 220 902 


* Rows A and F were planted in 1923, 1 year later than the other rows, The later-planted trees were 
larger at the time of planting. 

> This tree was also planted in 1923, It replaced the original tree which had been badly injured with a 
cultivating tool. 
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Because of the limited number of stocks available, it was not 
possible to make a close selection of the planting material. However, 
the smaller number needed when the two outer rows were planted 
made it possible to select fairly uniform material for these rows. The 
coefficient of variability with respect to weight of trees for the 28 in 
the middle four rows was 31.9+3.2; for the outer two rows, 8.5+1.1. 

The fertilizer treatments were planned to run north and south, 
with six trees in the row and seven rows available for contrasting 
treatments. (Fig. 1.) Table 1 shows the attempt that was made to 
smooth off the variability of the material at the first planting. The 
two lightest trees were planted in the two central rims of the east 
row and the two heaviest in the two adjoining rims of the same row. 
There is a progressive increase from east to west in the tree weights 
in the central two rows of trees, and from west to east in the adjoin- 
ing two rows. Thus there is a high degree of variability among the 
trees in the east row but four quite uniform trees in the west row. 

The entire area received the same treatment until May, 1924, 
when the trees had become well established. Each year the trees 
were hoed during the spring and summer, and winter cover crops 
were grown. 

Early in the planning of this experiment it was seen that many of 
the problems could be solved only by chemical studies. William 
Frear, chemist of the Pennsylvania Experiment Station, made a pre- 
liminary study of available methods of attack, with the assistance of 
Walter Thomas, of the Department of Agricultural and Biological 
Chemistry. Since the death of the former in 1922, Doctor Thomas 
has had charge of the chemical research connected with this proj- 
ect, while the Department of Horticulture has had charge of the 
care of the trees and the taking of all field records. 

The only pruning given the trees while they were under uniform 
treatment was to remove the wood needed for chemical analyses, 
most of the material being taken from the trees that had made the 
heaviest growth. The correlation between the total branch elonga- 
tion of the trees for 1922, 1923, and 1924 and the length of the prun- 
ings removed from the trees was 0.37+0.09. This heavier pruning 
of the more vigorous trees helped to increase the uniformity of the 
block. 

As long as this experiment was in progress, trunk circumference 
and branch elongation were measured each year, but not spur growth. 
All growths under 5 cm. were considered potential spurs. In 1922 
the leaves were secured at leaf fall and weighed. In after years leaf 
samples were weighed, but no estimates of the total leaf area or 
weight were made until 1927 at the time the trees were dug up. 

The coefficient of variability of the first year’s total branch elonga- 
tion for the 42 trees was 46.3+4.1. This included the 1922 growth 
of rows B through E and the 1923 growth of rows A and F. When 
these 1923 records of rows A and F were used with the same year’s 
records for the other rows, the coefficient of variability for total 
branch elongation was 24.2 + 1.9, and for trunk diameter, 12.9 + 0.97. 
These figures indicate that the outer rows, though planted a year 
later, are fairly comparable to the inner four rows because of their 
larger size at planting. 

A mixture of bluegrass and timothy was seeded in half of the rims 
on May 27, 1924. The coefficient of variability of the branch elonga- 
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tion for the trees in sod during 1924 was 17.5+ 1.88; for those under 
cultivation, 27.1+3.02. The coefficient of variability for trunk dia- 
meter of all the trees was 14.3 + 1.07. 

From 1920 through 1923, two to three green-manure crops were 
grown annually in the rims. Whenever possible, records of height 
or weight of these covers were taken. These records were reduced 
to percentages, the rim with the heaviest cover crop each time being 
rated at 100. Table 2 shows the average percentages of the five 
cover crops which were measured, each being recorded in percentage 
of the largest cover of the respective crop. As judged by the growth 
of these cover crops, the soil in the rims showed a high degree of 
uniformity. 


—, 


TABLE 2.—Average of five cover crops before fertilization, expressed in percentage o; 
the heaviest cover of each cover crop 





Percentage crop cover in row indicated 


Row } _ e Average 


71 69 58 76 70 
62 58 67 90 66 
70 64 58 78 69 
72 79 51 78 71 
68 | 75 70 62 70 
61 73 63 73 66 
66 68 60 76 |.. 











FERTILIZER TREATMENTS 


Figure 1 shows a diagram of this block with the fertilizer treat- 
ments indicated. Table 3 gives the weights of the various salts 
used and the time of application. All fertilizers were chemically 
pure materials. It was originally intended to use amounts equivalent 
to 50 pounds of N, 100 pounds of P,O;, and 50 pounds of K,O per 
acre for trees standing 100 to the acre. The reasons for changes 
from this plan will be mentioned later. 


TaBLE 3.—Time of fertilizer applications and quantities used for each rim 


| Weight (grams) and kind of fertilizer used in row indicated 
Treatment and date applied ss 
1(P) | 2(N) |3(N,P,K)|4 (check)| 5 (P, K) |6 (N,K) | 7 (N,P) 


NaN Os: | 
Apr. 18, 1925_.- Pe NS kee 906 906 i Bh ie sD 906 906 
May 3, 1926... _- -” eae Te a 45 45 |. on —_ 45 45 
June 7, 1926_...... x oo on 453 | | eee RES: 453 453 
June, 1926___- aie : 408 | SS aS 408 | 408 
May 5, 1927 ‘ 4 sea - 337 - | ee es ‘ 337 337 
May 18, 1927 ‘én F EMS TES 338 | Seo sere: 338 338 
June 10, 1927 ‘is neal NST 337 Se ee 337 337 
CaHy(PO,4)2H20: | | 
Apr. 18, 1925... é nen diieaeleis a 534 |_. - 534 |_- eS | ae 534 
May 3, 1926_..-- . fee ae | ae 267 =e . « ae 267 
EEE EE RES A ae i ee 267 267 | 267 
\ & Sees ina  -= 
 . |< Jaa yf rae | 
K2SO0¢: 
aR ee ee 
2 See ae 
0 EES SESE SS 


May 5, 1927 
"amare eae 
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Nitrogen and phosphorus were employed as single element treat- 
ments but potassium was not. The Hagerstown soil used in this 
experiment 1s well supplied with potassium, and none of the orchard 
tests previously conducted in this State had shown any clear evidence 
of a potash response. 

Numerous field experiments have indicated that the nature of the 
fertilizer response is very materially altered by the presence or absence 
of grass in the orchard. Because of this fact, the south half of each 
row of rims (trees D, 


E, and F) was seeded al ad ee vd A 
to bluegrass on May SOD PHOSPHORUS TILLAGE 


_- = “O O O O O O 

The first fertilizer 
treatment was not 
made until the spring W/TROGEN 
of 1925; hence there 2 O O O O O O 
was nearly a year dur- 
ing which half of the WITROGEN, PHOSPHORUS AND POTASSIUM 
block was under an 20 
unfertilized sod. It 
was not expected that 
om re ~ WONE 
materially influence g 
the growth of the trees O O O O O O 
in such a relatively 
short time, but Table FPHOSPHORUS AND POTASS/U14 
4 shows that it did # O O O O O O 
to a significant ex- 
tent in the majority 
of the rows. 

Thelowoddsinrow ® O O 
5 were due to the fact 


that one of the culti- WITROCEN AND PHOSPHORUS 
vated trees had been 7 O O O O O O 


> . a 
replanted. In row 7 Im st 
one of the largest _ se i 

a cal . od FIGURE 1.—Diagram indicating rims, or cylinders, containing the 
trees growing In soc trees, which were located at the corners of 20-foot squares; the fer- 
had been killed back tilizer treatments used are also shown 
to within a few inches of the bud during the winter of 1923-24, and 
consequently made a heavy renewal growth in 1924. Table 4 shows 
that the trees growing in sod started the period of fertilization with a 
slight handicap. 

lhe first application of fertilizer was only two-thirds of the amount 
intended to be used as an annual application. In spite of this reduc- 
tion, the concentration of these amounts in the small area of a single 
rim resulted in serious burning of the grass. For this reason the other 
third was not put on in 1925, and in later years the amounts used in a 
single application were further decreased. Even then there was, 
at times, some burning of the grass. 

The injury to the grass from the fertilizer was usually greatest 
where nitrate of soda was used, but even in rims which received only 
phosphorus some injury was evident. In nearly all cases the injury 
was temporary, and the grass was quickly replaced by a new and 
vigorous growth. On any portions where the grass roots were killed 


WITROGEN AND POTASS/LU/7 
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the ground was sodded over with grass grown in a bed which had been 
filled with the same soil as the top layer in the rims. 


TasLe 4.—Comparative branch elongation of trees in cultivated and in sodded 
rims, 1924 


| Odds ¢ | 


: | Odds 4 
in favor || in favor 
_ | Treatment of culti- || od Treatment of culti- 
vated = vated 
| trees | } trees 
W | 
_ aS eat = 3 
rs dak cba save teeth i” 2 4 eee caeientaecasl Sane 
> ae a See 102 to 1. 6 | N, K.. ssecnlite dyiaianitbhet eee tbiad dlitaiaiiaueenaecees 102 to 1. 
if & 4 2 eeee .--|226 to 1. || 2k Ul Wt Siancasuscusenieeacousmabed 7 tol 
8 | NODS. .. ..2-2-.n0cc-eeccensnncense- 102 to 1. | 


« The significance of the difference between any two treatments has been estimated by the use of Stu- 
dent’s method for interpreting paired experiments (6). Where, as in this table, the comparison is between 
sod and tillage, the pairing has been A-F, B-E,C-D. (Fig. 1.) When contrasting fertilizer treatments 
have been compared, the pairs have been those with similar letters. 

Statisticians are agreed that odds of 30 to 1 may be accepted as clear indication that the difference-is 
significant. Significant odds simply mean that the contrasted data differ by an amount too large to be 
due to chance, One is justified in placing reliance on the interpretation of this significant difference only 
in proportion to the success in eliminating all other variables except the treatment under study—a con- 
dition very difficult to comply with in horticultural research. 


Whenever the grass was high enough, it was cut with hand shears 
and the clippings weighed. Table 5 gives the weights of these 
cuttings. There were large differences in sod growth under the 
different treatments. 


TABLE 5.— Total weights per rim of grass clippings made during 1925, 1926, and 1927 


Weight (grams) of grass 
clipped on lettered rim 


Row Treatment indicated Average 
F | E D 
No. 1, 160 850 787 932 
No. : 2, 860 | 2, 240 3, 963 3, 021 
No. ‘ 4, 870 | 4, 920 3, 058 4, 283 
No. 670 | 490 445 535 
No. 5.. 1, 490 750 1, 030 1, 090 
No. 6 L, 970 2, 530 1, 733 2, 078 
No. 4, 260 | 5,600 4, 215 4, 692 





The burning of the grass through the use of nitrate of soda has 
already been “aeedthel The application of the same amount of 
fertilizer to the rims under cultivation modified the clay and affected 
the physical condition of the soil, making it less friable. This change 
in condition was sufficiently pronounced to be noted by field men 
who hoed the rims. The addition of the other fertilizer materials 
to the nitrogen fertilizer did not modify this effect. The rims under 
cultivation that did not receive nitrogen remained in excellent condi- 
tion throughout the test. The addition of the chopped rye described 
below probably helped to improve the soil structure. 


COVER CROPS AND WATERING 


The oldest field fertilizer experiments in the United States are 
located on the college farm on soil very similar to that used i in the 
rims. At the end of 40 years Gardner et al. (5, p. [3]), stated: “‘ Phos- 
phoric acid is the first limiting factor in this soil and until this element 
is supplied, nitrogen and potash give very little increase in yields.”’ 
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The first application of fertilizers in the rims was made early in 1925. 
At that time there was a rye cover crop in the cultivated rims. 
Partly because of the fertilization, and partly from unknown causes, 
the growth of the rye cover crop in the different rims varied con- 
siderably when the crop was ready to be spaded under in late May. 
To meet this contingency, several beds had been built and filled 1 foot 
deep with soil similar to the topsoil in the rims. These were sown to 
rye when the rims were seeded. The rye in each rim was cut and the 
tops weighed. Enough rye in one of the beds was then cut to make 
the total weight of the tops in rim and bed 1 kg. The roots of this 
area in the bed were then dug and all tops and roots spaded into the 
rm. Thus each rim under cultivation received 1 kg of tops and 
the roots which went with those tops. No attempt was made to 
balance the organic matter in the sod rims. 

Because of the variations in growth of the cover crops no more were 
seeded in the rims receiving cultivation. In the fall of 1925, rye was 
again sown in the beds. On May 20, 1926, this rye was dug, the dirt 
shaken from the roots, and the tops and roots chopped up together. 
Two kilograms of this chopped rye were added to each rim and spaded 
into the soil. The same method was used in 1927. In this way 
organic matter was kept from being a serious variable in the cultivated 
rims. 

Early in the experiment it was evident that the normal moisture 
of the restricted soil of the rims would not be sufficient to maintain 
tree growth. Whenever the soil became too dry as indicated by 
soil-moisture determinations, from 1 to 2 inches of water were added 
toeachrim. All trees under cultivation received the same application, 
and all trees growing in sod were treated alike, but the latter received 
more frequent applications. If there was excess water at any time, 
it would drain away freely through the crushed limestone under the 
rims into the well-drained soil below. 

These applications of water did not maintain a sufficiently uniform 
moisture supply to meet the needs of the trees at all times. During a 
very dry period in the middle of July, 1927, the soil moisture dropped 
close to the point of physiological wilting. The drought was followed 
by a period of wet weather. Between 50 and 60 per cent of the apples 
on all trees cracked during the wet weather. This cracking is char- 
acteristic of the Stayman apple under irregular moisture supply. 
A few fruits cracked ‘after a dry period in August of the same year. 
If this irregularity in moisture supply influenced the final results, 
it should have produced the greatest effect on the most vigorous trees. 
However, at no time was there any indication of wilting of the leaves, 
nor was there any indication that normal branch elongation was 
checked. 


ESCAPE OF ROOTS FROM THE RIMS 


The inner four trees in each row were planted in 1922 and the end 
trees a year later. During 1926 the older trees, with three exceptions, 
did not make as much total branch elongation as the younger trees, 
either under sod or in tillage, regardless of fertilizer treatment. It is 
probable that the restricted volume of soil was slowing up the growth 
of the older trees, but was still sufficient for the younger trees. 

One of the older trees, D-3, growing in sod and receiving the full 
fertilizer treatment, was ‘considerably more vigorous than any of the 
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other trees receiving either this combination or nitrogen and phos- 
phorus, the combinations that gave greatest growth. During the 
summer of 1927 this tree was again abnormally vigorous, and the 
growth of two or three others also seemed longer and the leaves 
greener than on other trees under similar treatments. Because of 
these variations, it was decided to explore outside the rims to find 
whether any roots had penetrated the crushed stone in the bottom of 
the rims and reached the outer soil. Pits were dug in the late sum- 
mer of 1927, and about half of the bottom edge of rim D-3 was ex- 
posed. One root over 2 feet long, probably in its second season of 
growth, was found, another about 18 inches long, and several small 
ones. From about one-third of the circumference of rim A-—3, in 
which the tree was a year younger, 25 g of roots were secured. 
The longest was not more than a foot and a half, and evidently all 
were of that season’s growth. Other rims in each treatment were 
partly uncovered; in each case some roots, ranging from small fibers 
to roots several inches long, were found extending into the surround- 
ing soil. This discovery led to the decision to dig out all the trees in 
the fall of 1927 and to terminate this phase of the experiment. 

Did the escape of roots influence the results enough to destroy their 
value? When all the trees were taken out of the rims in the fall of 
1927, studies were made of root distribution, and any roots penetrat- 
ing beyond the bottom of the rims were noted. Roots, other than a 
few small fibers, were found outside of only 17 of the rims. In 4 of 
these rims (B-1, B-2, D-3, F-1) the roots appeared to be in their 
second season of growth. If the performance of these four trees is 
judged by their total branch growth during 1927, all seem to show 
somewhat greater growth than the performance of similar trees would 
lead one to expect. While the presence of the younger roots outside 
the rims probably influenced the trees which produced them, there is 
no consistent evidence that this influence was great enough materially 
to change the nature of the results. 

Two of the four trees with older roots outside the rims (B—2, D-3) 
received nitrogen. Any added vigor due to the escape of these roots 
would serve to accentuate the value of nitrogen in the 1927 records. 
The importance of this element in the experiment had been estab- 
lished with considerable certainty before this time; consequently, 
while the extent of some of the differences may have been influenced 
by the escape of the roots, the relative nature of the records would 
not be materially affected. 





LEAF WEIGHT AND BRANCH ELONGATION 


When the trees were dug out in the fall of 1927, the following 
records were taken: Weight of fruit, weight of leaves, 1927 branch 
growth, total weight of tops, diameter of trunks, and total weight of 
roots. The weights were all of fresh materials. Some samples were 
preserved for chemical analysis, and dry weights of these were deter- 
mined. Since two papers (12, 11) have been published in which 
certain of the chemical analyses made during the progress of this 
experiment have been reported, this phase of the work is omitted 
from the present paper. 

From September 21 to 30, 1927, all the leaves were picked from 
the trees and weighed. Table 6 gives the fresh weights. 
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All of the highest 12 trees with respect to leaf weight received 
nitrogen, either alone or in combination; half of these were in rims 
receiving cultivation. Experiments in the college orchards since the 
planting of the trees, in 1908, which are similar in nature to these 
more carefully controlled tests, failed to show (1, 2) any clear response 
to nitrogen applications from trees under cultivation until the orchard 
was at least 15 years old. The very positive nitrogen return in leaf 
weight during the third season of the fertilizer applications in the 
case of the rim trees under cultivation shows how much the use of 
the confining rim hastened root crowding and soil exhaustion. These 
differences are shown clearly in Figures 2,3, and 4. Among the trees 
receiving nitrogen, those under sod had practically as heavy a leaf 
crop in 1927 as did those under tillage. 


TABLE 6.—Weights of green leaves picked from apple trees, September, 1927 


Weight (grams) of leaves from Weight (grams) of leaves from 
trees in sod trees in tillage 
Row Treatment 
| l | 
F E | D Average Cc B A Average 
¥ 
aa aes 998 | 1,295 1, 374 2, 169 3, 145 2, 435 2, 583 
|) za ..-------| 3,460 | 2,314/ 2,800 2, 858 2,113 4, 415 4, 060 3, 529 
ay tt -< as 2,620 | 3,791 4,975 3, 795 3, 623 3, 440 4, 690 3, 918 
No. 4 > seal 529 1, 192 1, 220 980 1, 882 1, 855 1, 950 1, 896 
No. 5 A eee 1, 450 950 1,115 1,172 2,140 1, 493 2, 600 2, 078 
No. 6 } =e - 3, 240 2, 397 3, 370 3, 002 2, 795 2, 600 2, 600 2, 665 
No. 7 oo) SR 3, 810 3, 880 4, 256 3, 982 2, 998 4, 260 3, 630 3, 629 


Trees receiving phosphorus showed a definite increase in leaf weights 
in 1927 over trees similarly treated but not receiving that element. 
(Fig. 2 compared to fig. 3.) There were three treatments of three trees 
each, both under sod and under tillage, in which phosphorus was 
checked against no phosphorus (N, P, K, against N, K; N, P, against 
N, and P against nothing). In the comparison of these treatments 
by Student’s method, the odds that the trees receiving phosphorus 
had significantly greater leaf weights than those not receiving phos- 
phorus, under sod and under tillage separately, were both about 
68 to 1. 

Not one of the 12 trees highest in leaf weight in 1927 stood in the 
row receiving nitrogen and potassium; in fact, the highest ranking 
tree in this treatment was fourteenth. The odds by Student’s method 
that the trees receiving the N, K treatment had significantly less 
leaf weight than those in the adjoining N, P treatment are 276 to 1; 
(fig. 3, C6 and D6, compared to fig. 4) while the odds that the addition 
of K to N alone increased the leaf weights are only 3.5 to 1. 


TABLE 7.—Tolal branch elongation of apple trees during 1925, 1926, and 1927 


Length of branches (centimeters) | Length of branches (centimeters) 


a in sod rims indicated in tillage rims indicated 
Row l'reatment a 
F E D Average Cc B A Average 
6, 249 2, 023 | 2, 429 3, 567 6, 142 9, 762 6, 677 7, 527 
10, 764 5, 070 | 8,321 8, 052 4, 679 12,003 | 11, 759 9, 480 
8, 132 | 12,116 | 18, 883 13,044 11,363 | 11,822 | 17, 503 13, 563 


2,203 | 1,780) 1,740 1,908 | 4,080 | 4,207 | 6,166 4, 818 
4,518 | 1,786 | 2,369 2,891 | 7,201 | 3,192 | 10,012 6, 802 
8,386 | 5,660 | 9,212 7,753 | 6,738 | 7,411 | 7,900 7,350 
15,075 | 13, 995 13,162 | 14,077 | 8,568 | 9,609 | 11,500 
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FIGURE 2.—Trees receiving phosphorus fertilizer only under cultivation, C1, and under sod, D1; 
also trees receiving a complete fertilizer under cultivation, C3, and under sod, D3. The roots of 


D3 escaped from the rim in 1926. Photographed September, 1927 
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FIGURE 3.—Trees receiving no fertilizer under cultivation, C4, and under sod, D4; also trees 
receiving nitrogen and potassium only under cultivation, C6, and under sod, D6. Photo- 
graphed September, 1927 
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As soon as the leaves were harvested, the trees were cut off at a 
uniform height above the edge of the rims. The 1927 branch growth 
was measured and the total weight of each top secured. As the branch 
growth had been measured each year, it was possible to study total 
branch elongation for the years 1925, 1926, and 1927, during which 
the fertilizers could have influenced tree vigor. Table 7 gives this 
record. 

Comparing sod and tillage, this table of branch elongation presents 
practically the same picture as table 6 in which leaf weights are shown, 
in sod without nitrogen growth decreased to a very pronounced degree; 





FIGURE 4.—Trees receiving nitrogen and phosphorus only under cultivation, C7, and under 
sod, D7. Photographed September, 1927 


while the addition of nitrogen gave nearly equal growth under both 
sod and tillage. The one case among the trees receiving nitrogen 
that approached nearest to a significant difference between sod and 
tillage was in the nitrogen and phosphorus treatment, where the 
odds that sod was better than tillage were 20 to 1. 

In order to make a statistical study of the effect of the fertilizers 
on total branch elongation, the records for each tree for each of the 
three years were used, thus giving nine measurements when either 
the three sod or the three tillage trees under one treatment were 
compared to those under a contrasted treatment. The presence or 
absence of nitrogen (N v. none; N, P, K v. P, K) results in such large 
differences, even with trees under cultivation, that statistical analysis 
is not necessary. 
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There is some evidence (Table 8) that the application of phos- 
phorus stimulated tree growth. While the odds are not sufficiently 
large in all cases, the increase from 1925 to 1927 lends weight to this 
assumption. There is also some evidence that phosphorus gave a 
greater response under sod than under tillage. 

Table 9 presents the results of treatments that differed only in the 
addition of potassium. There is no indication that this addition 
increased branch growth. 


TABLE 8.—Influence of phosphorus and potassium on tree growth expressed as odds 
that gain over contrasted treatment is significant 


PHOSPHORUS 


Odds for sod Odds for total 
and tillagerims | growth 1925-27 
Relative order of contrasted treatments 


1925 1927 Sod Tillage 
Row 1 (P) greater than row 4 (none) --_-- e 4-1 47-1 12-1 12-1 
Row 3 (N, P, K) greater than row 6 (N, K)-_- PE A. 14-1 340-1 22-1 35-1 
Row 5 (P, K) greater than row 4 (none) __._.._._-- 1-1 36-1 41-1 19-1 
Row 7 (N, P) greater than row 2 (N) 3-1 31-1 129-1 2-1 

POTASSIUM 

Row 3 (N, P, K) greater than row 7 (N, P)-_-.-- 2-1 3-1 42-1 | 38-1 
Row 5 (P, K) greater than row 1 (P)-_-- 2-1 @ §-1 Sé-1) - ©3-3 
Row 6 (N, K) greater than row 2 (N). 1-1 | * 16-1 sei} +t 


¢ Difference reversed. 


TRUNK-DIAMETER INCREASE 


The extent to which trunk-diameter measurements are used in 
interpreting orchard experiments makes it desirable to present these 
measurements for the rim trees. The coefficient of correlation be- 
tween trunk-diameter increase during the period of fertilization and 
total branch elongation during the same period is 0.87 + 0.026. The 
correlation between trunk diameter and weight of top is 0.88 + 0.023. 

A statistical study of percentage increase in trunk diameter from 
1924 through 1927, the period of differential treatment, shows that 
this method of measuring trunk increase is not as satisfactory as the 
use of the actual gain or the final diameter. Some of the trees that 
were largest at planting and also at digging showed a smaller per- 
centage increase with the same treatment than some that were much 
smaller both at planting and digging. 

The use of Student’s method to group trees of similar age or of the 
same initial vigor for comparison removes some of the difficulties 
caused by such variables as those encountered in the study of per- 
centage trunk increase. The method of pairing adopted here grouped 
trees by age, and to a considerable extent by initial vigor, because of 
the method of planting (Table 1); but even this has not decreased 
the degree of variation sufficiently to make it desirable to use per- 
centage increase. 

Table 9 gives the trunk-diameter measurements taken when the 
trees were dug in 1927; Table 10 gives the actual diameter increase 
from July, 1924, to September, 1927. The very high correlation 
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(0.87 + 0.026) between trunk measurements and branch elongation 
would lead one to expect the same conclusions from Tables 9 and 10 
as from the tables showing branch growth, and such is the case. The 
results from the use of nitrogen are nearly the same with sod as with 
tillage, with the possible exception of the N, P treatment, where the 
trees growing in sod have the larger diameter. The odds for the 
significance of this difference in Table 9 are less than 4 to 1; and in 
Table 10, about 17 to 1; both too small to have much significance. 
Only one of the first 12 trees in Table 10 did net receive nitrogen; 
only one of the lowest 12 did receive nitrogen. 


TaBLE 9.—Trunk diameter of apple trees, September, 1927 





Trunk diameter (millimeters) of Trunk diameter (millimeters) of 








trees in sod rim indicated tree in tillage rim indicated 
Row Treatment - - 
. . | Aver- : Aver- 
9 KF ( Z 
F I I age B A ase 
No. 1 4 7 57 58 58 57.7 69. 71 66 68.7 
No. 2 Y 68 65 71 68.0 66 RS 75 | 76.3 
No. 3 N, P, K 68 74 90 77.3 SI 77 75 77.7 
No. 4 None. : 4l 61 61 4.3 65 68 63 65.3 
No. 5 a 52 59 60 57.0 65 60 68 64.3 
No. 6 = ‘ 71 69 73 71.0 74 73 70 | 72.3 
No.7 = se 68 79 M4 77.9 66 77 70 71.0 


TABLE 10.—Trunk-diameter increase of apple trees between July, 1924, and 
September, 1927 


Increase of diameter (millimeters) | Increase in diameter (millimeters 





of trees in sod rim indicated of trees in tillage rim indicated 
Row Treatment Ree Re a 
F E D Aver- C B A Aver 
age age 

No. 1 P ‘ a 28 20 20 23 32 | @ 28.5 36 32 
No. 2 38 29 37 35 25 & 50 44.5 i) 
No. 3 N, P, K 38 36 @ 50 41 44 39 46 43 
No. 4 None 12 21 20 18 27 28 $2. 5 28 
No. 5 P, K cache 23 20. 5 20 21 32 20 42 3 
No. 6 N,K iodo 41 30 33 35 35 31 40 a5 
No. 7 N, P a 42 44 45 44 29 30 40.5 33 


P Roots escaped oie iain 2 seals hetie Mette 
TOTAL WEIGHT OF TOPS AND ROOTS AT DIGGING 


When the trees were dug, the trunk of each was cut off as close as 
possible to the place where the top had been grafted on the root. 
The soil was dug in three layers—0 to 7 inches, 7 to 21 inches, and 
21 inches to the bottom. Each layer was spread on canvas and the 
roots separated from the soil and from the crown. (Table 11.) The 
trees that received no nitrogen had more roots by weight in the 
upper 7-inch layer. This layer was filled with very fine roots quite 
uniformly distributed. In rims receiving similar treatments the 
weight of the roots in the top layer was approximately the same 
under sod and under tillage. In the second layer (7 to 21 inches) 
there were more of the larger roots, and a larger proportion nearer 
the rims. In this layer the trees receiving nitrogen had many more 
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roots than those not receiving it; among the latter the tilled trees 
had a larger quantity of roots than the untilled. 

The roots from 21 inches down to within 2 or 3 inches of the 
bottom were mainly of finger size. Many of these were against the 
rim. Near the crushed limestone the fine feeding roots again became 
prominent. 

Table 12 gives the total weight of the roots for each tree. When 
the tops of the trees were cut off, each main branch was removed 
separately and its diameter and weight recorded. Table 13 gives 
the total of these weights for each tree. Comparing these for root 
weight and top weight, we find a rather close agreement. All but 2 
of the 12 trees highest in root weight are also among the 12 highest 
in top weight, and all but 2 of the 12 lowest in root weight are among 
the 12 lowest in top weight. Two trees not receiving nitrogen are 
among the highest 12 in root weight, and 1 receiving nitrogen is 
among the lowest 12. One tree of the highest 12 in top weight 
received no nitrogen; none of the lowest 12 received any nitrogen. 


TaBLE 11.—Distribution of apple-tree roots as measured by average weight per tree 
at different ground levels 


Weight (grams) of roots from trees 
that received 





Depth from surface (inches) 





No nitrogen Nitrogen 
Sod Tillage Sod Tillage 
Crown 1, 576 3, 000 
0 to 7_. 1, 828 1, 018 
7 to 21... 1, 723 5, 531 
Below 21 1, 569 2, 672 


TABLE 12.—Total weight of apple-tree roots at digging time 





Weight (grams) of roots of trees Weight (grams) of roots of trees 














a in sod rim indicated in tillage rim indicated 
Row EA cts Lit Eee (Te ee: sabe sertilislounesiingitielibaaeiiidiaget 
F E D | Average Cc B \ A verage 
No. 1.. ‘nde ae i 3 6, 725 7, 895 7, 450 7, 357 13,175 | 11, 135 12, 195 
_s aa = 11,845 | 10,366 10,110 } 10, 774 14,805 | 13, 042 12, 716 
No. 3 N, P, X. 9,420 | 13,040 | 16,915 13, 125 13,675 | 13,315 13, 128 
No. 4 Ee Check......- 5, 215 9, 950 7, 350 7, 505 11, 790 9, 140 10, 600 
No. 5 = a 8, 195 8, 325 6, 815 | 7, 778 7, 930 8,615 9, O80 
No. 6 aid N,K 9,935 | 11,090 | 10,610 | 10, 545 | 11,700 | 10,705 | 10,110 10, 838 
No.7 7 | ae 9,905 | 11,950 | 12, 730 11,528 | 13,075 | 12,260 | 11,275 12, 203 
TABLE 13.—Weight of apple-tree tops at digging time 
| Weight (grams) of tops of trees Weight (grams) of tops of trees 
oe in sod rim indicated from tillage rim indicated 
Row Treatment 2 
F E | D | Average cl] B A Average 
va : } ciate 
No. 1.. ee ici er 7,745 | 6,710 9, 495 | 7,983 | 10,270 16,300 | 10,410 12, 327 
SIRS ye 12, 960 9, 685 | 12,410 11,685 | 10,490 | 21,205 16,875 16, If 
__ i eaeae N, P, K...--..| 9,710 | 13,960 | 26 16, 860 17,215 | 17,655 16 
No. 4 Check-__-- -| 4,195 | 7,510 6, 443 9,660 9,210 9, 
No. 5 i 6, 785 7, 550 | 4 7, 042 7,230 10,960 9, 7 
SS aes N, K 11, 330 | 11,670 | 14,410 12, 470 11,680 10,570 11, 338 
TP N, P 13, 685 | 13,980 | 17, 265 | 14, 977 


5 | 16,550 | 13, 360 14, 455 


_ The significance of gains or losses is more apparent from an inspec- 
tion of Table 14, which gives the combined top and root weight for 
each tree. A study of the distribution of the heaviest trees shows that 
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all but 1 of the first 12 received nitrogen. The roots of this tree, B-1, 
probably escaped from the rim in 1926, which may account for the 
greater growth of this tree. Eight of the highest were in the cultivated 
half of the area. The twelfth lowest tree received a complete fertili- 
zer; the other 11 lowest trees received no nitrogen. Ten of the lowest 
12 were in sod. 

The criticism may be made, with justice, that in combining trees 
of two ages in the same ranking the younger trees may be handicapped. 
The younger trees planted in 1923 were nearly twice as heavy at 
planting as those planted in 1922. Their growth was very satisfac- 
tory during the preliminary period. There are some indications that 
the rims checked the growth of the older trees during 1927 to an extent 
sufficient to permit the younger trees to gain on the older ones, but 
not to catch up with them, especially in the sod block. None of the 
sod trees ranking highest in Tables 12 and 13 was in the younger 
group. 

The fact that there are trees of two ages in each treatment does not 
affect the results when Student’s method is used in determining the 
significance of gains or losses; by this method, trees of the same age 
standing side by side are compared. Table 15 shows the odds of the 
significance of the gain of one treatment over another both for the 
whole row and for those parts in sod and in tillage, based on the total 
weight of tops and roots. 


TaBLE 14.—Total weights of apple-tree tops and roots at digging time 


Weight (grams) of tree tops and | Weight (grams) of tree tops and 


a roots in sod rims as indicated roots in tillage rims as indicated 
Rows rreatment 2 

F E D_ | Average Cc B A Average 
No. 1 asi ; 14,470 14,605 | 16,945 15,340 | 22,545 | 29,475 | 21, 545 24, 522 
No. 2 N. 24,805 20,051 | 22, 520 22° 459 20,790 | 36,010 | 29,917 28, 906 
No. 3 N, P, K i 19,130 27,000 | 43,825 29,985 26,215 | 30,890 | 30,970 29, 358 
No. 4 None. 9,410 17,460 | 14,975 13,948 20,615 | 21,450 | 18,350 20, 138 
No. 5 P,K ae 14,980 15,875 | 13, 605 14,820 21,645 | 15,160 | 19, 575 18, 793 
No. 6 | 21,265 22,760 | 25,020 23,015 23,465 | 22,385 | 20, 680 22,177 
No. 7 N, P 23,590 25,930 | 29, 995 26,505 26,530 | 28,810 | 24, 635 26, 658 


TABLE 15.—Influence of treatment on total weighi of apple trees expressed as odds 
that one treatment is better than another 


Odds for— 


Relative order of contrasted treatments 


Tillage ' es Both 

rims | 5°drims combined 
Row 1 (P) better than row 4 (none) -_-..-_--. i cath aiuchGh ti haccseendtanbteteatcaboen 13-1 2-1 8-1 
Row 2 (N) wy than row 4 (mone)-_-----..---- hod 4 Steins ; 10-1 12-1 98-1 
Row 3 (N, K) better than row 4 (none) - incielclletaiahcdaigisledielace asia 1 14-1 150-1 
Row 3 tit Wetter hom ees ' = Seis aint oe 2-1 2 1.6-1 1.2 
Row 6 (N, K) better than row 4 (none) _-___- REFERS DEAE ei OE 28-1 45-1 691 
Row 7 (N, P) better than row 4 (none) . SPREE ETE on 11-1 77-1 893-1 
Row 1 (P) better than row 5 (P, K)---------- SEED I a e 5-1 1. 6-1 7-1 
Row 2 (N) better than row 6 (N, R)....- aoe 6-1 41,.5-1 5-1 
Row 3 (N, P, K) better than row 7 (N, P) “= ee R 6-1 2-1 6-1 
Row 7 (N, P) better than row 2 (N) jab Niatios @ 4-1 6-1 1, 7-1 
Row 3(N, P, K) better than row oN, ~K).. ‘ : iiianteians . 22-1 41 31-1 
Row 7 (N, P) better than row 6 (N, K)- “ sindilienss ; 42-1 42-1 1, 428-1 
Row 3 (N, P, K) better than row 2 (N)- Ldaeiabuceisbuiie 1, 2-1 3-1 4-1 
Row 2 (N) better than row 1 (P)- . i 4-1 41-1 105-1 
Row 2 (N) better than row 5 (P, K).. Litndthesnmatnaabaiban 7-1 40-1 74 
Row 7 (N, P) better than row 1 (P)-_-.---- aipncpiincak piaiehe titatsiitlaial 6-1 168-1 199-1 
Row 6 (N, K) better than row 5 (P, K)-. scodatite aaah - 8-1 52-1 142-1 
Row 3 (N, P, K) better than row 5 (P, RRR RRO . 23-1 9-1 90-1 
Row 7 (N, P) better than row 5 (P, K)...........................- 16-1 50-1 555-1 

* Comparison is reversed. 
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By including the six trees receiving common treatment under both 
sod and tillage in a single plot, as shown in the last column of Table 
15, all plots receiving nitrogen alone or in combination made signifi- 
cant gains in total weight of tops and roots over the untreated plot; 
while phosphorus alone or in combination with potassium failed to 
give significant increases over the untreated plot. 


RELATIVE VALUE OF PLANT FOODS 


There are six cases in Table 16 in which nitrogen, either alone or 
in combination with other elements, may be compared with non- 
nitrogenous fertilizers (N v. P; N v. P, K; N, Pv. P; N, Kv. P, K; 
N, P, Kv. P, K; N, Pv. P, K). In every case the gain from the use 
of nitrogen is significant when the results with sod and tillage are 
combined. 

In the three comparisons which differed only by the presence or 
absence of potassium (P v. P, K; N v. N, K; N, Pv. N, P, K), the use 
of potassium resulted in no significant increase in total weight. 
When these three treatments were combined, making 18 pairs that 
differ only in the presence or absence of potash, there was still no 
significant difference in weight. 

In the three comparisons in which phosphorus was the variable 
(check v. P; N v. N, P; N, Kv. N, P, K) it was only when the phos- 
phorus was added to the other two elements that a significant gain 
was secured. When nitrogen alone was added to each element 
phosphorus caused a much greater gain than the potassium (N, P »v. 
N, K). When the three phosphorous treatments were combined in a 
single comparison, the 18 pairs in sod and tillage together gave odds 
of 81 to 1 that there was a significant increase in the case of the trees 
receiving phosphorus. 

Past experience has emphasized the importance of studying any 
fertilizer combination under both sod and tillage separately. When 
this comparison was made with the trees in the rims, the number of 
pairs available was reduced from six to three. In general, the use of 
smaller numbers makes it necessary to obtain larger differences in 
order to secure the same significance for gains or losses. 

When only the three trees were compared, the N, K treatment 
showed practically significant gains as contrasted with the untreated 
trees under both sod and tillage; the N, P treatment gave a signifi- 
sant gain over the untreated trees under sod only; and the N, P, K 
treatment compared to no treatment was significantly different only 
under tillage. The use of nitrogen alone failed to produce significant 
increases in either sod or tillage. The high degree of variability and 
the small number of pairs available caused these decreased odds. 
This was particularly true in comparisons involving tree D-3, the 
large weight of which led to such a high standard deviation in this 
block that the odds were seriously decreased. On the other hand, 
the trees in the row receiving the N, K treatments were very uniform, 
and comparisons with this row often gave high odds. 

The six cases in which nitrogen was compared to nonnitrogenous 
fertilizers gave significant increases when the results from sod and 
tillage were combined; but when these were separated, the only 
significant increases observed were where nitrogen was used in sod. 
Even here the use of a complete fertilizer failed to show a significant 
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increase over the combination of phosphorus and potassium. This 
failure, again, was probably due to the abnormal performance of 
tree D-3. 

These results are very similar to those secured under field conditions 
with this same soil (/, 2). In a study of contrasting fertilizer treat- 
ments carried on for 21 years in a cultivated orchard it was found that 
the results from plots treated with phosphorus and potassium were no 
better than those from untreated plots; but when nitrogen was added 
to phosphorus alone or to both phosphorus and potassium there was 
an increase in cover-crop growth, tree growth, and yield. It is 
probable that the better returns from phosphorus alone in the rims as 
compared to the P, K treatment in the field are due to the higher 
organic content in the rim soil where either a sod was grown or a 
considerable quantity of chopped rye added. 


WEIGHT OF FRUIT 


As soon as the buds began to unfold in 1926, it was apparent that 
some of the older trees were carrying a considerable number of blossom 
clusters. These were more numerous on the most vigorous trees. 
Since permitting trees of this age to mature a crop might check their 
growth to such an extent as to influence the final results, all blossom 
clusters were removed in the early pink stage. Table 16 shows the 
number removed from each tree. 

When the buds began to open in 1927, many of the trees were over- 
loaded with bloom, and the blossom clusters were accordingly thinned 
to a stand approximately 6 inches apart, by pinching out the excess 
blossom clusters as soon as they were sufficiently expanded to be 
reached easily. Table 16 shows the number of clusters removed. 
It should be remembered that the outer rows of trees were a year 
younger than the inner four. 


TaBLE 16.—Blossom clusters removed from apple trees in 1926 and 1927 


BLOSSOM CLUSTERS REMOVED, 1926 


Number of blossoms | Number of blossoms 











removed per tree in removed per tree in 
J sod rims indicated tillage rims indicated 
Row Treatment 
ris D Cc B A 
No. 1 P 0 0 0 2 0 ll 
No. 2. 0 0 21 | 17 0) 4 
No. 3 5 3) Seas eee 3 227 98 114 175 45 
No. 4. None 0 | 0 0 5 1 
No. 5... ie Mite es 0 0 0 10 9 i) 
No. 6- ia Mine 0 70 32 7 9 1 
ae N, P 4 | 42 99 87 264 2 
BLOSSOM CLUSTERS REMOVED TO THIN TO 6 INCHES, 1927 
No. 1 1 dain tinkandbomininmaxeemaie’ 0 0 0; 118 50 132 
No. 2 _ eo 0 123 340} 113 242 118 
No. 3 Wy Bs. Shen _— * 165 500 577 500 542 395 
No. 4 5 EERE Sa 0 D 0 0 32 
No. 5. o> 4 om ‘s 0 0 0 200 75 s4 
No. 6 a a 
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Table 16 shows that trees under tillage blossomed somewhat 
earlier and considerably more heavily than trees in sod receiving the 
same fertilizer treatment. The growth records also show how closely 
in this instance blossoming was related to tree vigor. It is probable 
that this growth relation is the cause of the decreased blooming of 
trees in the sod, and also of the greater bloom on trees receiving 
nitrogen and phosphorus. 

Table 17 gives the total weight of fruit on the trees in 1927. Because 
of the irregular water supply, most of the fruit dropped to the ground 
just as it was maturing. The weights given include the drops. The 
rank in fruit yield is not quite the same as in the number of clusters 
removed in the spring. Part of the irregularity is due to some rather 
severe spray burning that injured the clusters which were left. For 
this reason, and because the record is for a single year only, not much 
importance should be attached to yields in interpreting the results of 
this experiment. In general, it may be said that the trees receiving 
nitrogen and phosphorus and those receiving nitrogen, phosphorus, 
and potassium bloomed most heavily; but that the trees receiving only 
nitrogen or nitrogen with potassium made a relatively heavier set 
of fruit. 


TABLE 17.—Total weight of apples picked and dropped from trees, 1927 


! 
| Weight of fruit (grams) from trees in | Weight of fruit (grams) from trees in 
| 





R sod rims indicated tillage rims indicated 

ow hans - 

No. rreatment — | 

F E D | Average Cc B | A | Average 

1|P 230 0 o| 77 42] 500| 800| 7,240| 2.87741, 203 
2} N-.. 1, 260 5, 590 5,305 | 4,0524 771 1, 880 9, 060 4, 865 | 5, 268-+1, 148 
3|N, P, K 1, 230 2, 280 7,415 | 3,642+1, 053 910 6, 375 5,750 | 4,345+ 952 
4| None 0 0 o| 0 | 0| ‘180| '320| "1674 12 
5| P,K 0 0 0 0| 3,880 1,710 1,530 | 2,3734% 416 
6|N,K nis 440 9, 930 9,650 | 6,673+1, 661 } 5, 220 5, 185 2,660 | 4,3554+ 467 
7|N,P caeaiies 9SO 225 4,730 | 1,978 768 7, 130 2, 230 7,883 | 5,748 977 


2, 346- 605 | | 3,500 455 
! ! 


CORRELATIONS AMONG GROWTH AND YIELD RECORDS 


There are close correlations among the growth measurements. The 
treatments which gave the most branch growth also gave the largest 
trunk diameters and the greatest weights of the trees. Likewise, the 
individual trees showing the most branch growth also showed the 
largest trunk diameters and total weights. 

Table 18 gives the correlations among the growth measurements 
studied. In each case the correlation is very high, over 0.8. The 
high correlation of the various growth measurements with trunk- 
diameter measurement is especially important because of the fre- 
quency with which this measurement is used as an index of growth in 
orchard experiments. Furthermore, the increase in trunk diameter 
during the period of fertilization is closely correlated with branch 
elongation during the same period. A study of the correlations with 
weight, which must be taken as the absolute measurement of growth, 
shows that both top weight and total weight are closely correlated 
with trunk diameter, and top weight is just as closely correlated with 
branch elongation. 
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TABLE 18.—Correlations of apple-tree growth records 





Measurements correlated | Correlations 
Trunk diameter with total weight. _.............._.-.-- ; aes : i = 0. 870. 025 
Trunk diameter with weight of tops- ---- ‘ ‘ iets oe pene : - 88+ .023 
Trunk diameter with total branch elongation. we SI | 83+ . 082 
Trunk diameter increase, 1924 to 1927, with branch elongation, 1925 to 1927 “a 87+ .026 


ER ee ee Ee - 88+ .023 


«In biometrical studies a correlation factor of over 0.5 is considered certain correlation, provided that 
the correlation factor is over six times the probable error. If the correlation factor is less than 0.3 or is 
less than six times the probable error, there is no evident correlation. 


Table 19 gives the correlations of yield and blossom records with 
the growth measurements taken. It is not safe to generalize on the 
basis of the yields of one year. As the records stand, the correlations 
of yield with growth measurements are not nearly so high as those of 
the growth measurements among themselves. Yield is most closely 
correlated with total weight; even here the correlation is only 0.55, 
which figure compares unfavorably with correlations of more than 
0.8 among the growth records. 


TABLE 19.—Correlations of apple-iree yield and blossom records with growth records 


Items correlated Correlation 
Yield with trunk diameter-_- — ‘ 0. 48 +0. 080 
Yield with total weight aes ‘ 2 2 . ‘ -55 + .072 
Yield with weight of tops__._- : a wr <a pacasel -53 + .075 
Yield with total branch elongation_.___- ; SRE ee ciara ‘ -45 + . 083 
Yield with branch elongation, 1925 to 1927- . - 38 + .089 
Yield with branch elongation of 1926_.............-- -28 + . 096 
Yield of nitre ate d trees with 1926 branch elongation of nitrated trees__- -16 + .130 
Yield with 1927 branch elongs ation EEE PES CS A ‘i . 24 + .098 
Yield of nitrate d trees with 1927 branch elongation of nitrated trees _-- —. 047+ . 137 
Yield with blossom clusters remov TE EARS ‘ ; -42 + . 086 
Blossom clusters removed, 1927, with total weight_......._- : -| .57 + .070 
Blossom clusters removed, 1927, with weight of tops_-........-- ‘ < .56 + .071 
Blossom clusters removed, 1927, with trunk diameter_--_._._...-- -58 + . 069 
Blossom clusters removed, 1927, with total branch elongation = -62 + . 064 
Blossom clusters removed, 1927, with branch elongation, 1925 to 1927. .36 + .091 


There is little or no evidence of correlation between yield and branch 
growth of the previous year or of the same year. Since the 1927 yield 
shows a fair correlation with total branch growth, but not with the 
growth of 1926 and 1927, the correlation must be with the earlier 
growth. The roots of those trees that made a good growth during 
the early years probably had so completely occupied the soil of the 
rims that by 1926 root crowding had begun to check their growth. 
The checking of growth of these vigorous trees created the right con- 
ditions for fruit production. 

There is a rather low correlation between the yield of 1927 and the 
number of blossom clusters removed in order to thin them to 6 inches. 
Spray injury probably accounts for some of this low correlation. The 
thinned clusters were proportional to the actual number of clusters 
present on the tree. The number of clusters removed gives a fair 
correlation with total tree weight, which is also the measurement 
showing the highest correlation with yield. The number of clusters 
removed shows an even greater correlation with total branch elonga- 
tion, though not with branch growth during the period of fertilization. 
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Thus it seems that the amount of bearing surface, as indicated by 
total branch growth, is an important factor in blossom production. 


SUMMARY AND CONCLUSIONS 


3 The use of metal cylinders or rims as a means of studying the effect 
~ of different fertilizer treatments on apple trees proved valuabie in 
3 hastening the fertilizer responses. 
The escape of roots from certain rims increased the variability in 
; the growth of the trees, and consequently decreased the accuracy 
with which the results could be interpreted. However, this decreased 
accuracy did not destroy the value of the results. 
1 There is a very high correlation—over 0.8—among the growth 
° factors studied, namely, weight of tops, weight of roots, trunk diameter, 
3 and branch elongation. The studies of blossom production, yield, and 
i tree growth indicate that blossom production is most highly correlated 
y with total branch elongation and bearing surface, but that, in these 
) trees, yield has a somewhat lower correlation with tree growth. The 
A quantity of fruit produced is only partly dependent on the number 


of blossoms. 
In general, the results from the use of fertilizers confirm the results 
' of previous research in the orchard. Sod, without the addition of 
nitrogen, checked the growth of the trees very seriously, even when 
: potassium and phosphorus were applied. However, when nitrogen 
(expecially nitrogen in combination with phosphorus) was applied to 
0 trees growing in sod, the growth was nearly as good as that of cul- 


5 tivated trees receiving the same fertilizer. 

; Trees that were cultivated but received no nitrogenous fertilizer 
$ were not as vigorous as those that were cultivated and also received 
. nitrogen. 

4 When phosphorus alone was applied to trees growing in sod, the 
o growth was noticeably greater than that of the untreated check. The 
9 addition of phosphorus to nitrogen did not produce a definitely better 
: growth than nitrogen alone; but when phosphorus was added to 


nitrogen and potash, in sod, growth increased. 

The addition of potassium to nitrogen or phosphorus or to both did 
not modify the growth of the trees but may have increased the setting 
of the fruit. 
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THE EFFECT OF YEAST AND CASEIN SUPPLEMENTS TO 
CORN AND SOYBEAN RATIONS WHEN FED TO RATS 
AND SWINE! 


By Cuarues L. SHrREwssury, Associate Chemist, CLaupE M. VEstTAL, Associate 
in Animal Husbandry, and Sterrep M. Havas, Research Associate in Biochem- 
istry, Purdue University Agricultural Experiment Station 


INTRODUCTION 


One of the problems of the corn-producing area has been the inade- 
quate supply of efficient protein concentrates for livestock. Because 
of an increasing acreage in soybeans (Soja maz), in the Middle West, 
this seed has received attention as a possible protein supplement 
for corn in animal rations. A large number of feeding experiments 
with farm animals in which soybeans or soybean products were used 
have demonstrated the feeding value of this concentrate. In general 
the impression is created that soybeans, at least in the raw condition, 
have a limited supplementing value in rations for certain classes of 
livestock. 

The analyses of Street and Bailey (7)? show the soybean to be 
high in protein and fat and low in ash and carbohydrates. The 
protein values found in these analyses ranged from 36.8 to 45.5 per 
cent. 

The high protein content of soybeans led Osborne and Mendel (4) 
to investigate their biological character. They fed corn gluten and 
soybean meal to rats and found that when the meal furnished 4.5 
per cent protein in combination with 11.4 per cent protein from corn 
gluten satisfactory growth resulted. They attributed the supple- 
menting action of soybean protein to its content of lysine and tryp- 
tophane, which are lacking in corn gluten. 

Osborn and Mendel (5) also investigated the soybean as the sole 
source of protein for the rat and reported that when the diet was 
complete in other respects it was adequate for normal growth. They 
found that soybeans furnished a fair supply of ‘fat soluble vitamin” 
and an adequate quantity of ‘“‘water soluble vitamin.”’ However, 
their data indicated that soybeans were deficient in mineral matter, 
especially calcium and chlorine. They also noted that soybeans 
were not readily consumed by rats, presumably because of the dis- 
agreeable taste they possessed. 

The analyses of Jones and Waterman (3) and Daniels and Nichols 
(1) show soybean protein to contain a variety of amino acids, some of 
which are essential for growth. Jones and Waterman reported a 
tryptophane content of the soybean protein glycinin as 1.37 per cent 
and of lysine as 9.06 per cent. 

It appears, then, from chemical and biological analyses that soy- 
beans should be a good supplement for protein-deficient grains in 
livestock rations. 





1 Received for publication July 22, 1931, issued April, 1932. 
? Reference is made by number (italic) to Literature Cited p. 274. 
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EXPERIMENTAL PROCEDURE 


Rats and swine were used as experimental animals in this study, 
The rats were selected from the stock colony at 24 to 30 days of age, 
at which time they generally weighed between 35 and 45g. They 
were quartered in a steam-heated animal house in individual false- 
bottom wire cages. A modified McCollum feed cup was used, and 
the food consumed was determined weekly. Two male and two fe- 
male animals constituted a test group. Each ration was tested on 
at least three groups. All the rats used in the experiments received 
daily irradiations from a quartz mercury vapor lamp for 14 minutes. 
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FiGURE 1.—Growth of rats on various experimental rations. Slow growth was obtained on the 
corn-soybean-minera! ration No. 56. Increased growth was apparent on rations 127 and 128, in 
which 5 and 2.25 per cent casein protein had been added to the basal ration. When the soybeans 
in rations 127 and 128 were replaced by corn, as in Nos. 129 and 130, growth improved still further. 
Growth was also observed when the soybeans of the basal ration were cooked, as in No. 135. See 
Table 1 for composition of the rations 


Distilled water was kept before them at all times and was fresh daily. 
The length of the experimental period was 10 weeks. 

The pigs were quartered in dry lots at the experimental swine farm. 
Each test lot contained 10 pigs of comparable age and weight. The 
pigs were all either high-grade or purebred Duroc Jersey stock raised 
on the swine farm. These animals were w eighed at 10-day intervals. 
Food consumption records were obtained from each lot. The experi- 
mental period was 70 days. 

The basal ration (ration 56) had the following composition: Yellow 
corn, 84 per cent; soybeans,* 14 per cent; salt mixture,‘ 2 per cent. 

The experimental rations differ from No. 56 by the substitution of 
protein concentrates and vitamin B carriers for a part of the corn- 
soybean mixture. In some trials the soybeans were cooked and in 
others they were left entirely out of the mixture. 


3 Manchu variety. 
* Composed of limestone 100 parts, special steam bone meal 100 parts, salt 10 parts. 
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EXPERIMENTAL RESULTS WITH RATS 
GROWTH ON A PROTEIN-DEFICIENT DIET 


Inspection of Figure 1 shows that growth on the basal ration 
(No. 56) was slow. This subnormal rate of gain was obtained in 
13 trials on this ration. In no instance did any group of animals in 
this series approach satisfactory growth. The average total gain 
per animal was 63.7 gm. for the slowest growing lot and 121.5 gm. for 
the fastest. 

Marked variation in individual growth rates occurred, which is an 
indication of an inadequate diet. A few individuals grew at a fairly 
rapid rate, although the majority gained slowly. These results show 
beyond question that the basal ration is inadequate for satisfactory 
growth of rats. In attempting to determine the cause of this inade- 
quacy the protein moiety of the mixture was studied. Since the 
introduction of a larger proportion of soybeans in the ration would 
render it less desirable for swine, because of the tendency of soybeans 
to form soft pork, this constituent was not increased in these trials. 
However, in earlier work a quantity of soybeans furnishing an addi- 
tional 5 per cent of crude protein was added to the basal mixture 
without favorable results. 

Previous work with rats indicated that the ration might be de- 
ficient in total protein. It is generally believed that rations carrying 
less than 14 to 15 per cent of protein are deficient; the experience of 
the writers, however, does not entirely confirm this view. By feeding 
corn and casein diets with a protein level of only 13.6 per cent excel- 
lent growth was obtained. (Fig. 1, ration 129.) Moreover, a large 
number of swine rations containing less than 15 per cent protein 
produced satisfactory results. Nevertheless, it seemed that the basal 
ration could be improved by the addition of protein. Then, too, there 
might be some qualitative deficiency in the mixture that could be 
corrected. Studies were instituted with this in mind. 


GROWTH ON A DIET WITH PROTEIN ADDITIONS 


In the earlier work, tankage, meat and bone scrap, and casein were 
used as supplements. These were found to have a fairly comparable 
nutritive value, but since casein gave slightly better results it was 
selected for the work reported here. The casein was incorporated in 
the corn-soybean-mineral ration in amounts furnishing 2.25 and 5 
per cent of crude protein. Table 1 gives the protein content of the 
rations. 

TABLE 1.—Composition of experimental rations 


Yellow 


Cooked — , Mineral | Total 
Cas as d 
corn asein Yeast 


Ration No. soybeans? No. 6° | protein 


Soybeans 


Per cent | Percent Percent | Percent | Percent | Percent Per cent 
56... 84.0 14.0 ae : 


sac ere 2.0 13. 4 
127 78.3 13.0 |. ~ 6.7 |- 2.0 17.5 
128 : $1.4 13.6 3.0 2.0 15.2 
129... ‘ 2 “ + 5 ae 2.0 13. 6 
130. = oa fone a 2.0 11.3 
- 81.4 13.6 |. me eer: onl 3.0 2.0 14.6 
a 75. 6 SE leeeceas 6.7 3.¢ 2.0 18.7 
133... 78.8 fk 4 er 3.0 3.0 2.0 16.5 
«See | Re | Sa a 2.0 13.4 





* Cooked in steam until soft, and dried. 


' Mineral mixture No. 6: Limestone, 100 parts; special steam bone meal, 100 parts; salt, 10 parts. 
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Reference to Figure 1 (rations 127 and 128) shows a marked in- 
crease in rate of gain when either the high or the low level of casein 
was employed. Since more favorable growth resulted from the use 
of the higher level of casein it would appear that, in part, the quan- 
tity of protein was an important factor. 

The question arose as to whether the increased growth exhibited 
by the animals on the lower level of casein was due to a true supple- 
menting action of casein for soybean protein, or to a building up of 
the total protein content of the ration, or to other factors. In order 
to determine this point animals were placed on a ration of corn and 
mineral, with casein furnishing 2.25 per cent protein. (Ration 130.) 
Here the soybeans of ration 128 were replaced by an equal amount 
of corn. If the favorable response that was obtained by the use of 
ration 128 (composed of corn, soybeans, casein, and mineral) was due 
to a supplementing action of casein for soybeans, then growth on the 
modified ration (No. 130), in which soybeans were replaced by corn, 
should be at a slower rate. The results of this trial, presented in 
Figure 1 (rations 128 and 130), show that the growth of the animals 
was as good when soybeans were omitted as when they were present, 
and in some instances even better. The same results were obtained 
when soybeans were replaced by an equal amount of corn in the ration 
containing the higher level of casein protein. (Ration 129.) 

There is no evidence from these experiments that soybean protein 
was supplemented by the addition of casein. It appears that the 
protein of soybeans is not utilized above a certain point, owing pos- 
sibly to factors contained in the soybean, the nature of which is not 
known. That is, when casein was added to the basal corn-soybean 
mixture better growth resulted probably not because the ration was 
qualitatively or quantitatively different from the original ration but 
rather because the nutrients of casein were utilized readily to supply 
the deficiencies of corn, whereas those of soybeans were not utilized. 

Although casein supplements corn alone, it is indicated from these 
experiments that in so far as improving the utilization of soybeans 
in combination with corn is concerned, the addition of casein pro- 
tein, as a supplement, is of questionable value. 


GROWTH ON DIETS CONTAINING COOKED OR UNCOOKED SOYBEANS 


Since the work did not reveal a qualitative inadequacy of soybeans 
but rather an inability of the animal organism to utilize the potential 
nutritive value in them, it was decided to process the beans in several 
ways before feeding. The work described is concerned with heating, 
especially cooking. 

Osborne and Mendel (5) in 1917 showed that cooking improves the 
feeding value of soybeans for rats. Later, Robison (6) fed cooked 
undried soybeans to hogs as a supplement to corn with very satis- 
factory results. It seemed decnslle to study the effect of cooking 
in more detail. 

Soybeans were cooked by passing steam through them until they 
became soft. Then they were rapidly dried to approximately their 
original moisture content.’ Soybeans prepared in this manner were 


* Cooking and drying were done by the agricultural engineering department. 
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incorporated in the feed in the same ratio as the unprocessed beans. 
The results are presented in Figure 1. (Ration 135.) 

Ration 135, containing cooked soybeans, has a crude protein con- 
tent of 13.4 per cent. For comparative purposes reference may be 
made to ration 129, containing approximately the same protein con- 
tent derived from corn and casein. 

Growth on the cooked soybean ration was definitely superior to 
that obtained with raw soybeans. Moreover, it compared favorably 
with that obtained by feeding a ration of corn and casein of about 
the same protein level, although the latter combination was somewhat 
superior. These results point to the conclusion that soybean protein 
is not deficient from a qualitative standpoint. 

Investigations are being made to determine the cause of the improve- 
ment in the nutritive value of soybeans brought about by heating. 
It is unlikely that any of the major food constituents are changed in 
a qualitative manner. In an earlier paper® it was shown that the 
digestibility of the ration is not changed by cooking. Although the 
explanation of the greater nutritive value of cooked soybeans is not 
clear at this time, there is some reason for believing that certain 
materials of a toxic nature are removed or destroyed during the 
heating process. 


GROWTH ON A DIET WITH YEAST ADDITIONS 


In earlier trials the writers tried to improve growth by the addition 
of dried brewers’ yeast to the ration on the assumption that it was 
deficient in the vitamin B complex, especially in the growth-promot- 
ing factor. The results of this study were so varied as to preclude 
the drawing of any definite conclusions. Osborne and Mendel (5) 
found soybeans to be an adequate source of “‘the water soluble vita- 
min.” So far as the writers are aware, no experiments have been 
reported that demonstrate the relative amounts of vitamin B (B,) 
and vitamin G (B,) in soybeans. The writers have found’ that a 
purified ration, complete except for vitamin B, must contain at least 
12 per cent of soybeans in order to produce small weekly gains in the 
weight of rats. Since corn is rich in the antineuritic vitamin B (B,) 
and poor in the growth-promoting factor (B,), (2) there is no reason 
to believe that the ration used by the writers is deficient in the anti- 
neuritic vitamin, although it might be deficient in the growth-pro- 
moting factor. The work herein deals with the addition of 3 per cent 
yeast to the basal mixture, and the same supplemented with 2.25 
and 5 per cent protein from casein. The results are presented in 
Figure 2. 

The addition of yeast to the basal mixture consistently caused a 
slight but definite improvement in growth. (Ration 131.) How- 
ever, the improvement was not great enough to be considered satis- 
factory. From the standpoint of improving corn-soybean rations 
it was concluded that yeast is of little, if any, value. 

When yeast was added to rations containing casein the results were 
again irregular, confirming results obtained by the writers in earlier 
experiments. 








‘SHrewspury, C, L. THE NUTRITIVE VALUE OF SOYBEANS. THE EFFECT OF HEAT. Paper read before 
the Amer. Chem. Soc. Annual Meeting, Indianapolis, 1931. 
’ Unpublished data 
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EXPERIMENTAL RESULTS WITH SWINE 


All of the rations described above were fed to swine. Table 2 gives 
the data obtained. 

The pigs weighed about 32 pounds at the beginning of the experi- 
ment. In earlier experiments heavier pigs were employed, but it 
was felt that more satisfactory information could be obtained in this 
study by the use of smaller animals. One of the writers * (8) has 
demonstrated that 100 to 110 pound pigs thrive on corn-soybean 
rations in dry lot. Lighter pigs will grow well on corn-soybean 

rations if allowed to forage leg- 
200 Son ; ume pasture, but these lighter 
08 o48 animals do not make satisfac- 

tory gains if fed in dry lot. 

Table 2 shows that the re- 
sults obtained with swine were 
substantially the same as those 
described above for rats. The 
200 most striking feature of this ex- 








09 8 








3 periment was the behavior of 
: the lots on the basal corn-soy- 
d bean-mineral ration (lot 1) and 
Z that on the same ration pre- 
6  ORarion fis2 pared with cooked soybeans 
5 (lot 10). 

: The pigs fed the basal ration 


grew very slowly (0.31 pound 
per day). These animals were 
all in good condition at the 
beginning of the experiment, 
but in a few weeks they be- 
~)32.- came very unthrifty. The 
0 variability among individuals 
was pronounced. Some gained 
FiGuRE 2.—Growth of rats on experimental rations to wriw w 1iArity Te. 
which yeast was added. Growth on ration 131 shows fairly W ell but the major ity re 
the effect of adding 3 per cent dried brewers’ yeast to mained almost stationary, and 
the basal diet; results should be compared with those : los sult" mm, ° 
for ration 56, Figure 1. Growth on rations 132and 133 & few lost w eight . Che hair 


shows the effect of supplementing the basal diet with . ; : rac 
3 per cent dried brewers’ yeast and with 5 per cent coat in this lot was poor 


casein protein in the case of 132, and 2.25 per cent in and shaggy, and the animals 
the case of 133; results should be compared with those 7 - . e 
for rations 127 and 12s, Figure 1 were humped and thin. How- 
ever, when cooked soybeans 
replaced uncooked soybeans the situation was reversed. The pigs 
made an average daily gain of 1 pound and all were fat and had good 
coats of hair. Those that were smallest at the start grew rapidly and 
remained thrifty throughout the feeding period, while the smaller 
pigs receiving the raw soybean ration remained small and their con- 
dition became poorer as the experiment proceeded. 

While too much emphasis should not be placed on feed consumption 
in the case of these pigs, because of the tendency of all the groups to 
waste feed at the self-feeders, it is interesting to note the greater 
utilization of feed by the pigs on the ration containing cooked soy- 
beans. Although they made an average daily gain of more than three 








§ Vestal, C. M., SOYBEANS FOR HOGS, Ind. Agr. Expt. Sta. Hog Summary Leaflet H-8. 1924. 
{Mimeographed.] 
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times that of pigs fed uncooked soybeans, they required only about 
half as much of feed to produce a unit of gain. 


TABLE 2.—Data obtained when the experimental rations were fed to swine 


[Ten pigs in each lot] 


Average Feed 
daily required 


Lot No Ration feed to make Axeragt Average 
' P No. ¢ con- 100 or gain 
sump- pounds can 
tion gain 
Pounds Pounds | Pounds Pounds 
] 56 2.12 686. 3 0.31 27.8 
9 127 2.77 402. 4 . 69 62.0 
3 128 2. 61 414.6 . 63 56. 6 
4 129 4.16 344.8 1. 21 108. 5 
130 3. O1 476.4 . 63 5.9 
ri 131 2.35 550. 0 .43 38.4 
7 132 3. 46 385. 2 1.03 93.0 
S 7 133 2. 73 373. 2 yf 65.8 
0 ° 135 3. 45 345. 3 1. 00 89. 9 


«See Table 1 for composition of rations. 


When casein protein was added (lots 2 and 3) the gains were greater 
than on the unsupplemented ration. When corn replaced soybeans 
in the rations containing casein (lots 4 and 5) the gains were as good as 
or better than those obtained with soybeans in the ration (lots 2 and 
3), comparing lots 4 and 2, and 5 and 3. _ Dried yeast (lot 6) did not 
improve the basal ration materially, and yeast additions to rations 
carrying high and low levels of casein (lots 7 and 8) produced variable 
results. 

In general, there was a high degree of correlation between the data 
obtained for swine and those obtained for rats. 


CONCLUSIONS 


A basal ration of corn, soybeans, and mineral is not adequate for 
satisfactory growth of rats under experimental conditions or for 
young pigs in dry lot. 

The growth of pigs and rats on corn-soybean rations can be 
improved by the addition of casein in amounts sufficient to 2.25 or 
5 per cent protein. 

Although casein supplements corn alone, the addition of casein to 
corn-soybean rations was of no value in improving the utilization of 
soybeans. No evidence was obtained that casein protein supple- 
mented soybean protein. 

Cooked soybeans have a definitely superior nutritive value to raw 
soybeans, due to factors not apparent from these experiments. 
When cooked soybeans were used less feed was required to produce a 
unit gain in weight than when raw soybeans were used. 

The protein of cooked soybeans appears to have a nutritive value 
somewhat less than an equivalent amount of casein when combined 
with corn. 

The addition of 3 per cent dried yeast to rations of corn and 
soybeans did not improve the growth rate of the animals sufficiently 
to make it of economic value. 
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THE EFFECT OF ENVIRONMENT ON THE NEMATODE 
OF THE TOMATO GALL’ 


> 


By Linus H. Jongs ? 


Assistant Research Professor of Botany, Massachusetts Agricultural Experiment 
Station 


INTRODUCTION 


Root knot has been known to occur in the United States since 1805. 
Neal (11, p. 9) * stated that he found it prevalent in Florida in 1876 
and that ‘“‘from time immemorial [it] had been dreaded as a foe to 
gardens and groves.” The range of the disease now extends from the 
Atlantic coast to the Pacific. The use of the glass house in plant 
industry has brought the climate of the South to the Northern States, 
and wherever this artificial climate is maintained root knot eventually 
occurs. 

The causal organism, a nematode (Heterodera radicicola (Greeff) 
Miill.),* has been extensively studied in this country by Neal (11), 
Atkinson (1, 2), Stone and Smith (1/4), Bessey (3), Godfrey and 
Morita (6), and Newhall (12). 

The purpose of the present paper is to add to the general knowledge 
of the activity of the root-knot organism within the gall as influenced 
by temperature and moisture combined, moisture alone, desiccation, 
and decay of attached and detached galls. 


NATURE OF THE TOMATO GALL AND ITS NEMATODE POPULATION 


Nematode galls caused by Heterodera radicicola vary in size and 
form according to the number and position of female nematodes 
present in them. On the root system of a single badly infected tomato 
plant the galls may range in size from one-sixteenth of an inch to 1 
inch in diameter and may be 3 inches long. The material used in 
the present investigation was obtained from commercial greenhouses 
in which tomatoes, cucumbers, and lettuce were grown. 

Tomato galls have a large preponderance of cortical cells. An 
examination of cross and longitudinal sections shows that the pressure 
of these cells has altered the direction of the conducting channels 
of the root system, even to the breaking point. Atkinson (1), Stone 
and Smith (14), and Bessey (3), who have made particular studies of 
such distortions, ascribe a considerable portion of nematode injury 
to this disturbance, and a small amount of injury to the feeding habits 
of the parasite. 

If a large nematode gall from a tomato plant is kept in a moist 
chamber for a few days the nematode population can be more easily 
examined. When the gall is broken open a hand lens will reveal a 
great many female nematodes, which appear as small, more or less 





! Received for publication July 6, 1931; issued April, 1932. Published as contribution No. 122 of the 
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2 The author acknowledges his indebtedness to Prof. A. Vincent Osmun for his untiring interest in the 
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+ Reference is made by number (italic) to Literature Cited p. 284. 

‘Caconema is the genus proposed by Cobb as reported by Stiles (13, p. 118-121) in 1924. Because the 
root-knot organism differs in some respects from the true Heterodera as represented by the sugar-beet 
nematode (Heterodera schachtii Schmidt), Cobb believes the genera should be separated. H. radicicola 
(Greeff) Miill. has, however, been the accepted name since 1884 (10). In 1872 Greeff (7) called the root-knot 
nematode Anguillula radicicola and in 1889 Neal (11, p. 27) called it A. arenaria. 
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opalescent, pearlish bodies. On some of these bodies there is a 
brownish area which, when examined under the low-power lens of 
the microscope, is seen to be a mass of eggs containing nematode 
embryos in all stages of development. Dark areas in the tissue of 
the gall, when examined with the low-power lens, show a mass of 
nematodes in all stages, ranging from the undifferentiated granular 
egg to a female nematode in the process of enlarging to the pyriform 
shape that characterizes maturity. Galls in the last stages of decay 
actually teem with nematode life. 

Among the numerous forms of the root-knot nematode in a single 
tomato gall, there appears infrequently a mature female that cor- 
responds to the brown cyst stage of the sugarbeet nematode, Hetero- 
dera schachtii. It contains a mass of eggs. Specimens of this form 
were identified by G. Steiner, senior nematologist of the United 
States Department of Agriculture, as females of the root-knot nema- 
tode. The existence of the cyst form has been denied by some inves- 
tigators, who have made use of its apparent nonexistence in separating 
the two species H. radicicola and H. schachtii. Not in recent years 
has the subject of the cyst stage of H. radicicola appeared in print, 
yet the subject exists in a controversial state in previous literature 
on the subject, the cyst form being both described and denied. 

It is important to state that the cyst form was found in galls from 
mature greenhouse plants growing in a soil that was fairly dry—so 
dry that the root system when pulled and shaken was left with 
scarcely any soil clinging to the roots. The galls were large, one-half 
to 1 inch in diameter, and more woody or corky than is common. 

Examinations of cucumber and lettuce galls have failed to reveal 
the cyst form. Furthermore, the averege gall on the tomato plant 
does not carry it. Dry soil conditions seem to be the determining 
factor where cyst-bearing galls are found. 


COMBINED EFFECT OF TEMPERATURE AND MOISTURE ON 
NEMATODES 


Observations in greenhouses where root knot was seriously inter- 
faring with the productivity of the tomato crop indicated that the 
degree of infestation might be influenced by a soil-moisture relation- 
ship. In houses facing the south, the soil, as a rule, is moister on the 
north half. Usually it is necessary to water more frequently on the 
south half, especially the spring crop. The examination of tomato 
roots in such houses showed a general infestation of nematodes, but 
the plants from the north half were less galled than those in the drier 
soil of the south half. Plants near a leaky water valve and a dripping 
pipe from an overhead watering system also showed fewer and smaller 
galls. As a result of these observations a series of experiments 
designed to yield information on the combined effect of temperature 
and moisture on root knot was carried out. 

The range of soil temperatures employed in these experiments, 
15° to 30° C., was between the minimum and maximum that would 
permit gall formation, and the range of moistures, 40 to 100 per cent 
of the moisture-holding capacity of the soil, was such as would 
support tomato growth. The temperatures were maintained by 
the constant soil-temperature apparatus. The saturated soils pro- 
duced plants that compared favorably with the plants at other soil 
moistures. 
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Glass tumblers were employed as containers. Each contained 200 
gm. of air-dried soil brought up to 60 per cent moisture content. 

Inoculations were made by mixing 5 g. of chopped nematode galls 
with the soil in each tumbler. For three weeks after the inoculations 
the tumblers were allowed to remain at greenhouse temperature. 
Then the soil in each was thoroughly mixed, adjusted to a specified 
moisture content, planted with two tomato seedlings, and placed in 
the temperature-control apparatus with the soil level below the level 
of the water bath. Table 1 gives the ranges of temperature and mois- 
ture. The experiments were allowed to run 30 days, during which 
time the moisture was adjusted daily by adding water equal to the 
loss in weight. The 30-day period was chosen because it was believed 
that in that time galls would have formed but probably would not 
have interfered seriously with the general character of the root system. 
However, certain discrepancies appear in Table 1 that may be due to 
unrecognized nematode activity. At the conclusion of the experiment, 
the soil was carefully washed from the roots of the plants and the 
better plant in each container was placed in series A and the poorer 
plant in series B. By the use of the scoring method suggested by 
Free (4), the root systems were compared in a manner that gave a 
definite score for each system within the series. Experiment 1 was 
conducted during January, 1926; experiment 2 was carried on from 
June 23 to July 24, 1926, and therefore had the better light of mid- 
summer. The scores showing the relative effects of temperature and 
moisture combined are presented in Table 1 


TaBLE 1.—Effect of temperature and moisture on the ratio of galls to root systems 


[The larger values indicate proportionately fewer galls] ¢ 


Ratio of galls to root system 


Temperature | Moisture | 
at 


( ) content Experiment No. 1 Experiment No. 2 Distribution of galls 


Series A | Series B Series A | Series B 











Relative | Relative | Relative | Relative 
Percent | value value | value value 
40 65 59 | 50 14 Galls on main and lateral roots. 
15 60 43 | 48 | 10 41 Do. 
~ 80 43 37 | 59 41 | Galls on lateral roots. 
fe ae 99 99 Few small galls on lateral roots. 
| 40 59 71 5 14 | Galls on main and lateral roots. 
18 ; 60 43 48 32 55 Do. 
| 80 at 4 72 72 | Galls on lateral roots. 
Es saa 99 | 99 | Small galls on lateral roots. 
40 5 48 | 32 41 | Galls on main and lateral roots. 
7 60 Ht 77 41 32 Do. 
* 80 99 oF 64 72 , Galls on lateral roots. 
| ee a 99 99 | Small galls on lateral roots. 
40 6 12 14 19 | Galls on main and lateral roots. 
4 60 37 | 31 46 50 
r 80 83 | 88 | 59 19 Do. 
 ) ee ee tt. 90 90 | Small galls on lateral roots. 
40 1 | 1 | 19 14 | Galls on main and lateral roots. 
7 60 25 | 25 32 50 Do. 
_ ° 80 | 83 | 83 77 72 | Galls on lateral roots. 
100 | & 86 81 Do. 
40 | 12 | 6 1 1 | Galls on main and lateral roots. 
20 | 60 | 19 | 19 | 64 64 Do. 
in | 80 | 71 | 77 | 23 46 | Do. 
100 Peis u | 81 86 | Small galls on lateral roots. 








* The values are relative only within the series under which they occur. The better plants are in series 
A, the poorer in series B, experiment No. 1 was conducted in January, No. 2 in June and July, 















278 Journal of Agricultural Research Vol. 45, No.3 


Within the range of soil temperatures employed, it is apparent that 
there were more galls in proportion to the size of the root system at 
the higher temperatures, 24°, 27°, and 30° C., with no particular 
temperature of critical importance. At lower temperatures, 15°, 18°, 
and 21°, the root systems were freely galled, but much less so than 
those at the higher temperatures. As the optimum soil temperature 
for the growth ‘of tomatoes is close to 25° (5, 9), it is to be expected 
that root knot will be prevalent on tomato at about that temperature, 
The relative values in Table 1 do not change markedly with a slight 
increase in temperature. This finding is in agreement with that 
of Godfrey (5) who, in addition to tomato, used cucumber, tobacco, 
and soybeans as indicator plants. All these plants have a fairly high 
optimum soil temperature. 

The differences in the results obtained with the different soil mois- 
tures were quite marked. Plants grown in the saturated soils (100 
per cent moisture) were characterized by long slender roots burdened 
with very few galls. In such soils the galls were more plentiful at the 
higher temperatures. No plant was free of galls. In general, as the 
moisture content of the soil was increased, the proportion of galls 
decreased. There were more galls at the 60 and 80 per cent soil 
moistures than at the 40 per cent moisture, but the root systems of 
the plants at 40 per cent were so small that the plants would soon 
have died. The plants at 100 per cent soil moisture showed signs of 
spindling, but this was due to too much moisture and not to the 
presence of nematodes. 

An examination of the data in Table 1 showing the distribution of 
galls on the roots indicates that the main root of the tomato seedling 
becomes burdened with galls at the lower moisture contents and also 
at the higher temperatures. At the higher moisture contents the 
galls are, for the most part, on the side roots. Infection on the main 
root interferes more seriously with the growth of the plant than does 
the presence of galls on the lateral roots. 

As previously stated, in the soils of highest moisture content (100 
per cent) the roots were very long and slender and such roots had few 
galls, if any. It therefore appeared possible that the size of the root 
might aid or prevent invasion by the nematode. It is commonly 
understood that the invading nematode attacks the loosely massed 
cells of the meristematic tissue of the root tip, and so gains entrance 
to the root. By employing a root cage with tomatoes growing in a 
nematode-infested soil, a horizontal microscope, and a strong light 
focused on root tips, the writer was able to make direct observations 
of a nematode in the process of invading a root. The worm had 
worked its way in at the root tip and upward through the meriste- 
matic region, the undulations of its body aiding in the observation. 
A small portion of the posterior end had apparently not fully entered 
the root tip, for it was in the place normally occupied by the root 
cap. A measurement with an ocular micrometer determined the 
length of the organism in the observed stage as 933u. (Fig. 1.) 

Beaded arrangements of small galls seem to confirm a theory that 
the nematode does not stop after forcing its way into the root tip, 
but travels into the tissue that is developing the central cylinder to 


avoid being carried forward by the progressive growing point of the 
root tip. 
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at EFFECT OF MOISTURE ON NEMATODES 
at In order to obtain more definite information concerning the effect 
ar of moisture on nematodes in galls, fresh tomato galls as large as one- 
”, half inch in diameter were mixed with 400 g. of air-dry soil and kept 
an in pint glass jars. To the soil was added sufficient water to produce 
re the range of soil moistures shown in Table 2. The jars were loosely 
ed capped ‘with paper, which was held in place by rubber bands. This 
re. helped to maintain a constant soil moisture. The jars were weighed 
ht every 48 hours and brought up to weight when necessary. At the 
at end of the 31-day period the soils were mixed with enough nematode- 
0, free soil (steamed soil) to fill a 6-inch pot. The pots were then planted 
ch with tomato seed and four weeks later the seedlings were examined, 
with a final examination 15 weeks after the seed was planted. The 
Is results, which are presented in Table 2, show that the nematodes 
00 survived at all moistures except at 0 per cent, i. e., in the air-dry soil. 
ed Even in soils too deficient in moisture (10 and 30 per cent) to sustain 
“ crop plants, the nematodes were able to survive. 
1e 
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ns 7 FiGuRE 1.—Apparatus used for observing root invasion by nematodes 
. TABLE 2.—Effect of soil moisture upon the survival of the nematode in galls 
n. : First examina- | Second examina- | First examina- | Second exam- 
»d tion tion > tion ¢ ination > 
ot Moisture in soil | Pjants | Plants | Plants| Plants | Moisture in soil | pjants | Plants | Plants Plants 
(per cent) ¢ nema- | nema- | nema-/| nema- (per cent) ¢ nema- | nema- | nema- | nema- 
1e tode | tode | tode tode | tode | tode | tode | tode 
free infected free | infected | free one free jinfected 
at : ‘Num- | Num- | Num-| Nu m- : | Num- | Num- | | Num- | Num- 
ber ber ber ber | | ber | ber ber ber 
>, Qoonenenanee ee ee TE) eeeeeeereeee {ia | ae | aa 
aeececceccececs v - ne. ween ne eeee--| | vo 
LO Rte 2 3 0 eee 0 | 5 | 0 3 
18 50 SS eee 3 2 0 3 | 100....-----------| 0 > | 1} 2 
SEE i, 0 3 | eee, Pare To 
« 5 plants examined 4 weeks after seeding. ¢ Percentage of saturation. 


> 3 plants examined 15 weeks after seeding. 
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EFFECT ON NEMATODES OF FLOODING A GALL-INFESTED SOIL 


After it had been determined that a saturated soil (100 per cent 
moisture) will support nematode life and allow invasion to take place, 
it was decided to carry the study of moisture relationships one step 
further and include a flooded soil. 

For this study galls were buried in sand in glass tumblers and the 
water level maintained at least one-half inch above the surface of the 
sand for various periods, as shown in Table 3. At the end of each 
period a tumbler was removed and its contents mixed with sterile 
soil in a 6-inch pot, which was then planted with tomato seed. A 
pot containing sterile soil was likewise planted with tomato seed and 
placed in the group of pots as a check on contamination. At the 
close of the experiment no galls were found in the check pot, but galls 
were present in all other pots. It is therefore apparent that even 28 
days of continuous flooding is not sufficient to destroy the nematodes 
in gall-infested soil. 


TABLE 3.—Effect of flooding upon the survival of nematode in galls 


First examina- Final examina- First examina- | Final examina- 
tion tion tion tion 
Period Days Period hey 
— — Plants Plants Plants Plants ‘ana. — 
nein nema- nema- nemMa- nema- — ~ 
tode tode tode tode 


Plants Plants | Plants | Plants 
nema- neMa- | nema- nema- 
tode tode tode tode 


| 
| 
free infected free infected | free infected) free infected 
“ — 
Number Number Number Number Number Number) Number Number 
0 25 4 6 0 3 | 6 ° 19 0 3 
| 24 2 3 0 3 ELD. 18 0 10 0 3 
2 23 0 10 0 3 | 10 — 25 0 10 0 3 
wie 22 0 10 0 3 MESES 24 | 0 4 0 3 
4 . 21 0 10 0 ©. 8 Blavanceeus 42 7 19 0 3 
5 20 0 10 0 i) ae 35 20 gq | 0 3 
Check 36 20 0 3 0 || | } 


EFFECT ON NEMATODES OF DESICCATION IN SOIL 


Although several investigators have reported that nematodes can 
be destroyed by the process of gradual desiccation, no information 
was available as to just what is the maximum period that large galls 
will support nematode life in the desiccating atmosphere of an air- 
dry soil. Accordingly, a series of experiments designed to throw light 
on this point was conducted. 

In a preliminary experiment, large galls (about three-fourths inch 
in diameter) were introduced into 6-inch pots of air-dry soil. After 
2, 3, and 4 weeks these pots, in replicates of five, were moistened and 
seeded with tomato. The 3-week and 4-week desiccation periods 
destroyed all nematode life, but the 2-week period did not. 

For the next two experiments galls one-half inch in diameter were 
employed. Six-inch pots of air-dry soil were divided into groups 
which were kept dry for various periods, as indicated in Table 4, and 
then moistened and planted with tomato seed. In the check pots, 
however, the soil was moistened immediately after the galls were 
introduced into the air-dry soil. All groups were in replicates of five. 
In experiment 1, positive infection was obtained in each of the check 
pots. The second group (galls in air-dry soil for two weeks) gave 
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negative results. Unfortunately, it was not anticipated that eradi- 
cation might be secured in less than two weeks, and observations 
were unduly delayed. All remaining groups gave negative results, 
as shown in Table 4. 


TaBLeE 4.—Effect of desiccation in soil upon the survival of nematodes in galls 








Experiment No. 1, Dec. 10, 1926 | Experiment No. 2, Aug. 23- 
Apr. 28, 1927 Dec. 16, 1927 
Period in air-dry 
soil (weeks) Nematode galls ¢ in pot No. Nematodes galls + in pot No 
l 2 ] 4 1 2 3 4 ) 
Check + + + 
J + + }- + 
] + + + 
11 » 0 4 4 + 4 
2 0 0 0 0 0 0 0 0 0 0 
2% 0 0 0 0 0 0 0 0 ee. 6 
3 0 0 0 0 0 0 0 0 0 0 
315 0 0 0 0 0 0 0 0 0 0 
4 , 0 0 0 0 0 0 0 0 0 0 
446 0 0 0 0 0 0 0 0 ae 
5 ‘ 0 0 0 0 0 0 0 0 0 0 
5hs 0 0 0 0 0 
¢ The sign (+) indicates the presence of nematode galls; the dash (—) infers that no examination was 


made for the indicated period; and 0 indicates the absence of nematodes. 


The experiment was repeated with galls of the }-inch size and pro- 
vision made to reduce all periods to multiples of %-week duration. 
In the second experiment, eradication was effected in more than one 
and one-half weeks and less than two. 

It is apparent that the %-inch galls used in the preliminary experi- 
ment required a longer period of desiccation than the %-inch galls 
employed in the two experiments shown in Table 4. From these 
results it is obvious that the length of the survival period is influenced 
by the size of the galls as well as by the length of time that the galls 
remain in the air-dry soil. 


DECAY OF GALLS, ATTACHED AND DETACHED, IN SOILS OF 
DIFFERENT MOISTURE CONTENT 


A study of the influence of environment on the nematode organism 
is more involved under natural conditions than it is in the laboratory. 
Particularly is this true when the galls are large. 

In addition to harboring a dormant phase of nematode activity, the 
galls certainly must act as protective agents to their nematode 
population. A decayed gall has less protective action than a fresh 
one. A gall attached to a living root may persist in the fresh stage 
longer than does a detached gall. Even though these galls remain in 
the soil for a considerable time, they may resist decay owing to the 
antiseptic properties of living cells, which are kept alive by the root 
of which they are a part. That such a relation exists is borne out 
by the following experiment in which the decay of galls, attached and 
detached, was studied in soils holding different percentages of moisture. 

Equal weights (10 pounds) of air-dry soil were placed in containers 
divided into five series of five pots each at moisture contents of 
0, 40, 60, 80, and 100 per cent of the water-retaining capacity of the 
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soil. The water-holding capacity of the soil as determined by the 
method of Hilgard (8, p. 209) was 53 per cent of its air-dry weight. 

Growing plants g galled by nematodes were planted in each container. 
The soil in the containers was maintained at 70 per cent moisture 
until all plants were well established. This took about three weeks, 
The low-moisture containers were reduced to their 0 and 40 per cent 
values in about 5 days. All weights were maintained by frequent 
weighing. 

When all pots were adjusted to the proper moisture percentage 
detached galls from other plants were placed in cages of window 
screening and deposited in each container with some of the soil to 
insure the same environment as the attached galls. The living plants 
were then cut at the surface of the ground without disturbing the 
root system. At intervals of a week one container from each series 
was removed and the attached and detached galls were examined. 
The results are recorded in Table 5 


TaBLe 5.—Effect of various soil moistures on nematode galls from tomato; attached 
and detached galls 


SERIES A,0 PER CENT MOISTURE CONTENT 


Period galls 








were in soil Attached galls Detached galls 
(weeks) 

D ouinsctsranestiad Turgid, not shrunken, galls apparently per- | Slightly shriveled, inclined to be brittle. 
ect. 

2. .-.-| Indications of shriveling, but on the whole | | Wary shriveled and dry, not brittle. 
turgic 

ae galls shriveled, larger galls hard and | Very shriveled, brittle. 
turgid. 

ee a ee Do 

| Re Shriveled, punky, not decayed, not brittle__| Do. 

SERIES B, 40 PER CENT MOISTURE CONTENT 

SEE I ni niecepiimiitinainsiiweins Softening, inclined to be spongy. 

2............ Slightly shriveled, slight decay_. ..-| Soft decay, epidermis easily sloughs. 

3......-----.| Soft, punky, dry and fibrous................ Very fibrous, not much remaining. 

4............, Very punky, reduced in size, epidermis | Nothing left but tough central cylinder. 
easily sloughs. 

DP saispintaeda Galls whole, epidermis easily sloughs, slight | Only central cylinder remains, not hard. 
decay. 


SERIES C, 60 PER CENT MOISTURE CONTENT 


Turgid, unchanged___...._.- dimieentethenteio’ Very soft, inclined to be fibrous. 
Slightly shriveled, slight dec ay. mébebdinnde ‘ ss left but central cylinder which is 
ard. 
Punky, sloughs to a hard central cylinder- Soft central cylinder. 
Epidermis whole, tissues to central cy linder | Central cylinder hard, 
missing, central cylinder soft. | 
-| Epidermis whole, tissue beneath gone as far | Central cylinder nearly destroyed, very 
as hard central cylinder. fibrous and soft. 





SERIES D, 8 PER CENT MOISTURE CONTENT 


re Ee Very soft, mushy 
| ass 6 il” CR Nothing left but ‘Soft central cylinder. 
3............| Soft, epidermis tough, hard central cylinder.| Soft central cylinder. 
iste nisdietice Epidermis soft, somewhat decayed, inner Do. 
| tissues missing, central cylinder soft. 
Dcteatebceka -| Epidermis whole and fairly tough, tissues Central cylinder whole and brittle. 


| missing to central cylinder which was 
| pliable. 
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TaBLeE 5.—Effect of various soil moistures on nematode galls from tomato; attached 
and detached galls—Continued 


SERIES E, 100 PER CENT MOISTURE CONTENT 


Period galls | 
were in soil Attached galls Detached galls 
(weeks) 
| 
tas ..-| 3oft, gall intact_.............................| Very soft, central cylinder exposed due to 
sloughing of tissues surrounding it. 
.. .. Galls whole, very mushy-.......... aviiennathiaagd Galls whole but all decayed under epidermis, 
| central cylinder hard. 
3...-.-------| Epidermis whole and tough, fleshy tissues | Epidermis whole and soft, hard central 
all gone, hard central cylinder. cylinder. 
4.........-..| Epidermis whole, tissues missing, central | Epidermis whole, tissues missing, central 
cylinder soft. cylinder tough and hard but not brittle. 
5...---------| Epidermis whole and tough, tissues missing | Epidermis whole and tough, tissues missing 
to pliable central cylinder. to brittle central cylinder. 


At every moisture content, the attached galls were less susceptible 
than the detached to the natural forces of decomposition. As the 
moisture content of the soil increased, the process of decay was 
hastened in both the attached and detached galls. There was no 
decay in the containers entirely devoid of soil moisture. The galls 
at 0 per cent moisture gradually shriveled; the detached galls lost 
practically all their moisture and became brittle. At the end of the 
first week the attached galls were turgid at all moisture contents 
except at 100 per cent. In this container the galls were still intact, 
but their softness was evidence that the cells were ready to collapse. 
The detached galls in the same container were at this time (after 
one week) so far gone that the central cylinder was exposed, with the 
surrounding tissue dropping away. 

A comparison of the progress of decay in the soils of different 
moisture content indicates that decay in both attached and detached 
galls at 100 per cent was 1 week ahead of that in galls at 60 and 80 
per cent and 2 weeks ahead of that in galls at 40 per cent. However, 
when the rates of decay of attached and detached galls are compared, 
it is evident that the difference in rate of decay decreases with increase 
in moisture content of the soil. At 100 per cent moisture content, 
the attached galls lagged about 1 week behind the detached in the 
process of decay; at 80 per cent, the lag was 2 weeks; at 40 and 60 
per cent, 3 weeks; and at 0 per cent, 5 weeks or more. 


SUMMARY 


This paper presents a study of the effect of environment on the 
activity of the root-knot nematode, Heterodera radicicola (Greeff) 
Miill., of the tomato gall. 

The nematode gall of the tomato plant is well suited as material 
for environmental investigations. It offers substantial protection to 
its nematode population because of the resistant root-covering tissue. 

All stages in the life cycle of the nematode may be found in a 
decaying gall. Among these, there was found infrequently a female 
nematode, which contained a mass of eggs. It was cystlike, and 
corresponds to the brown cyst form of the sugar-beet nematode, 
Heterodera schachtii Schmidt. This particular cystlike form was not 
found in galls from cucumber or lettuce plants, and only on tomato 
plants that were growing in a relatively dry soil. 
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The optimum range of soil temperature for tomato, 25° to 30° C., 
is also the optimum range for nematode activity. A low soil-moisture 
content, 40 per cent, combined with high temperatures, 24° to 30°, 
increased the number of galls in proportion to the size of the root 
system. Plants grown in a soil saturated with water had very few 
galls, especially at the lower temperatures, 15° to 21°. Such plants 
have long slender roots. 

An apparatus is described for observing the invasion of a root by a 
nematode. The suggestion is made that the size of a root may aid or 
prevent invasion by nematodes. 

The nematode in a detached gall may survive for one month or 
longer in soils ranging in moisture content from 10 to 100 per cent. 
The organism did not survive this period in an air-dry soil. 

Flooding a gall-infested soil for 28 days did not eradicate the 
nematode. 

Galls in an air-dry soil did not protect nematode life as long as 14 
days, but did protect it as long as 10 days. 

A detached gall decays more rapidly than a gall attached to a root 
system in situ. The rate of decay of attached and detached galls 
increases with an increase of moisture in the soil. The rate of decay 
of an attached gall lags about three weeks behind that of a detached 
gall in a normally moist soil, that is, one containing approximately 60 
per cent moisture. 
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